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That a link between the coenzyme systems and cytochrome c 
exists in the living cell is indicated by the fact that the oxidation 
of the metabolites which require coenzymes is inhibited by dilute 
cyanide in tissue slices (2, 3). Nevertheless when Ogston and 
Green (4) attempted to link these metabolites with cytochrome c 
outside the cell, they were unsuccessful and for several years the 
coenzymes could be linked to oxygen only through the “old yellow 
enzyme”’ (5) which was not likely to be the natural carrier for the 
systems both because of its insensitivity to cyanide and its slow 
rate of reaction. In 1936 Theorell (6) succeeded in linking ColI to 
cytochrome c through the old yellow enzyme but here also the 
rate was much lower than that which might be expected if the 
mechanism were to explain the physiological reaction. 

The question of the mechanism of the linkage of the coenzyme 
metabolites to cytochrome c was taken up at about this time by 
Szent-Gyérgyi and his coworkers, who evolved the theory of 4- 
carbon dicarboxylic acid catalysis (7). This theory proposes that 
hydrogen from the metabolites reduces fumaric acid to succinic 
acid, which can then be oxidized via the cytochrome system by 
its dehydrogenase, regenerating fumaric acid. However, experi- 
ments recently reported by Potter (8) suggest that whether or 
not hydrogen transport can occur via the fumarate-succinate sys- 


* A preliminary report appeared in Nature (1). 
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tem, it appears that another mechanism must exist, and that the 
fumarate-succinate system is not an essential link in the hydrogen 
transport mechanism which connects Col with cytochrome c, as 
had been suggested. It seems at present that the newer mecha- 
nism may include the enzyme which was discovered independently 
in 1937 by Adler et al. (9) and by Green and Dewan (10) who called 
the enzyme “diaphorase’’ and ‘‘coenzyme factor’’ respectively. 
Although both groups reported that the new enzyme was linked 
to the cytochromes, no proof of this concept has ever been pre- 
sented, since cytochrome c reduction has not been demonstrated 
except with fresh crude tissue extracts. Dewan and Green (11) 
stated that in addition to the coenzyme factor and cytochrome 
oxidase, cytochromes a and b but not cytochrome c were involved 
in the transport of hydrogen from dihydrocozymase to oxygen. 
However, data to be presented below do not support that view 
and show that cytochrome c is needed for the reaction. The 
remaining problem is therefore the mechanism of the reaction 
between CoH,I and cytochrome c. The experiments were supple- 
mented with reduction tests in which succinate was the hydrogen 
donator. 

Haas, Horecker, and Hogness (12) have recently isolated from 
yeast a new yellow enzyme which catalyzes the direct reaction 
between CoH,II and cytochrome c, and it remains to be seen 
whether an analogous situation exists in the case of Col. Pre- 
liminary experiments by Potter' indicate that their enzyme does 
not link Col to cytochrome c, and that the Col enzyme as pre- 
pared for the present work does not link Coll to cytochrome c. 


EXPERIMENTAL 


“Complete”’ Enzyme System—The method previously used for 
the preparation of the succinoxidase system was modified to in- 
clude a more thorough elimination of substances such as hemo- 
globin which absorb light in wave-lengths near the cytochrome c 
absorption band at 550 my. This was accomplished by the use 
of alternate water and saline washing, which has been used by 
von Euler and Hellstrém (13). The method is as follows: A fresh 
pig heart, after the removal of fat and fascia, was passed through 


' Unpublished data obtained at the University of Chicago in the labo- 
ratory of Professor Hogness. 
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a meat grinder and then through a fine Latapie mincer. . The 
mince, which usually weighed about 100 gm., was washed alter- 
nately with water and 2 per cent NaCl (1 liter per washing) until 
five water and four salt washings had been completed. The time 
for each washing was about 5 minutes, and after each washing 
the mince was hand-pressed in the cloth over which it had been 
washed. After the final washing and pressing, the light colored 
residue, which weighed about 65 gm., was ground in a mortar 
with about 50 gm. of sand and 200 ml. of m/15 K,HPO,. The 
phosphate was added during a period of 20 minutes during which 
time all the grinding was done. The mixture was allowed to stand 
about an hour and was then pressed through the original cloth. 
The resulting extract was lightly centrifuged and the colloidal 
supernatant was used for the spectrophotometric experiments. 
All of the experiments reported were done with extracts less than 
48 hours old, and the extracts were kept in the cold when not in 
use. The dry weights after dialysis of ten preparations fell within 
the range of 5 to6 mg. per ml. The properties of the preparation 
were similar to those of the succinoxidase preparation previously 
reported (8) except that the preparation was much lower in cyto- 
chrome c and hemoglobin. 

“Incomplete” Enzyme System—This enzyme was prepared from 
pig heart by extracting according to Stotz and Hastings (14), 
precipitating the extract at pH 4.6, drying the precipitate in vacuo, 
homogenizing the dry powder in alkaline phosphate, and centrifug- 
ing to obtain a colloidal supernatant. This preparation contains 
an active diaphorase but does not catalyze the reduction of cyto- 
chrome c by CoHel, as shown below. Since this work was done, 
the method for the isolation of Straub’s flavoprotein was pub- 
lished (15) and this enzyme has been found by Potter' to consti- 
tute a more active diaphorase than the enzyme here described, 
while it likewise does not catalyze the reduction of cytochrome c. 

Dihydrocozymase—The use of this compound obviates the neces- 
sity of using metabolites plus dehydrogenases plus coenzyme as a 
source of hydrogen and thus simplifies the system under considera- 
tion. The dihydrocozymase was made up by dissolving 5 mg. 
of cozymase in 0.5 ml. of 0.5 m Na and K phosphate buffer, pH 7.6, 
in a 20 ml. Thunberg tube. To this was added 5 mg. of sodium 
hydrosulfite in 0.5 ml. of phosphate followed by 4.0 ml. of water. 
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The buffer and water were previously freed from oxygen by evacua- 
tion. The mixture was then evacuated and incubated for 1 hour 
at 30°. The solution was then aerated for 1 or 2 minutes and 
the dihydrocozymase content was determined by measuring the 
extinction at 334 my before and after acidification. The extinc- 
tion measurements also afforded proof that the solution was free 
from hydrosulfite. The solution appears to be rather unstable, 
and the dry preparation according to Ohlneyer (16) has given 
better results. The above method was used for most of the work 
reported here and is convenient when only small amounts of mate- 
rial are available. 

Cytochrome c—Dry preparations containing about 90 per cent 
cytochrome c (0.34 per cent Fe) were used. 0.001 m solutions of 
this product were made up in 0.01 Nn HCl and kept in the cold. 
The acid keeps the cytochrome completely oxidized. 

Cyanide—0.01 N KCN containing 0.009 nN HCI was used. This 
solution is alkaline enough to retain HCN but has virtually no 
buffering capacity. 

Apparatus—The rate of cytochrome c reduction was determined 
by measuring the rate of change in In J)/J at 550 mu by means of 
spectrophotometric equipment similar in principle to that de- 
scribed by Warburg (17) but having a tungsten filament as a light 
source. The light entering the reaction cell had a wave-length of 
550 + 1 my. The change in absorption during the reaction was 
measured by means of a photoelectric cell and a sensitive elec- 
trometer which was calibrated for each run by means of a rotating 
sector which could be adjusted to correspond to different degrees 
of extinction while rotating. Calibration curves were then used 
to convert electrometer readings into E (extinction) values, 7.e. 
In Io/Z, in terms of which all results are reported. 

The measurements of the rate of dihydrocozymase oxidation 
were made with a similar apparatus except that the light source 
was & mercury are and a quartz monochromator was used to iso- 
late the line at 334 mu (see Giinther (18)). 


Participation of Cytochrome c in Oxidation of CoHel 


In the experiments reported in this section we have used only 
the preparation of the so called complete enzyme system. The 
cytochrome c content of these preparations was so low that it 
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could not be measured quantitatively, although all three cyto- 
chromes could be detected. In order to study the oxidation of 
CoH,I, small portions of the enzyme together with buffer and all 
additions except dihydrocozymase were made up to a standard 
volume and the extinction at 334 mu was measured. Between 60 
and 90 7 of CoHeI were then added, resulting in an immediate rise 
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Fic. 1. Effect of added cytochrome ¢ on the oxidation of dihydro- 
cozymase. Curve 1 corresponds to the following reaction mixture, 0.10 ml. 
of complete enzyme, 0.40 ml. of 0.5 m phosphate, pH 7.6, 3.40 ml. of water, 
and, after the first reading, 0.10 ml. of CoH,I solution equivalent to 60 
of Col. The other curves correspond to the same reaction mixture as in 
Curve 1 except that the following additions displaced an equal amount of 
water, Curve 2, 0.20 ml. of 0.00002 m cytochrome c; Curve 3, 0.40 ml. of 
0.00002 m cytochrome c; Curve 4, 0.20 ml. of 0.00002 m cytochrome c plus 
0.40 ml. of 0.001 m neutral cyanide. All the curves are adjusted to the 
original extinction values indicated, which in no case is more than 0.05 
unit from any of the actual observations. The arrow indicates the addi- 
tion of the reduced cozymase. The dotted line shows the extinction of the 
reaction mixtures before the reduced cozymase was added. 


in extinction which then decreased with time as the dihydro- 
cozymase was oxidized. Various amounts of enzyme were tried 
and an amount which gave an oxidation time of about 10 minutes 
was taken as standard. The effect of additions of cytochrome c 
and of cyanide on the reaction was then studied. Fig. 1 shows 
the results of a typical experiment. It can be seen that the addi- 
tion of only 0.2 ml. of 0.00002 m cytochrome c (4 X 10-* mole) 
produced a marked acceleration in the rate of dihydrocozymase 
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oxidation, and since the preparation was not completely free from 
cytochrome c it is believed that the slow rate of dihydrocozymase 
oxidation in the absence of added cytochrome is due to traces 
already present in the enzyme preparation.2 Doubling the 
amount of added cytochrome did not appreciably increase the 
rate of oxidation. The fact that the reaction was blocked by the 
addition of cyanide in a final concentration of only 0.0001 M is a 
good indication that cytochrome oxidase is part of the system 
which brings about the oxidation of dihydrocozymase. The 
lowest effective concentration of cytochrome c has not been deter- 
mined. From these results, however, we suggest that the normal 
path of hydrogen transport from dihydrocozymase to oxygen 
includes cytochrome c and cytochrome oxidase. Taking advan- 
tage of the fact that reactions involving cytochrome c may be 
studied spectrophotometrically at 550 mu, we proceeded to study 
the mechanism of cytochrome c reduction, eliminating cytochrome 
oxidase and oxygen from the reaction chain and thereby further 
cutting down the number of variables in the reaction mechanism. 


Reduction of Cytochrome c 


Complete versus Incomplete Enzyme Systems—That diaphorase 
cannot react directly with cytochrome c was demonstrated by 
using two types of enzymes which are referred to as complete and 
incomplete with reference to their ability to promote the reduc- 
tion of cytochrome c. In qualitative experiments it was shown 
that the complete system would reduce cytochrome ¢ when CoHel 
was added, and the incomplete system would not, while either 
preparation would catalyze the anaerobic reduction of methylene 
blue by CoH,I. After the reduction in the case of the complete 
system had been studied (see the next section), the earlier experi- 
ments with the incomplete system were repeated with the photo- 
electric apparatus. Since in the case of the incomplete enzyme 
the dye reduction occurred and the cytochrome c reduction did 
not occur (see Fig. 2), there seems to be little doubt that a factor 
which is present in the complete enzymes and which is not dia- 


? In similar experiments with complete enzyme preparations from three 
types of neoplasms there was no oxidation of CoH,I whatsoever in the 
absence of added cytochrome c, while the reaction proceeded to completion 
when cytochrome c was added (19). 
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phorase (diaphorase being demonstrated on the basis of methylene 
blue reduction) is required for the reduction of cytochrome ¢ by 
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Fig. 2. The reduction of cytochrome ¢ by dihydrocozymase in the pres- 
ence of complete and incomplete enzyme preparations. In the case 
of the complete enzyme the cell contained the following, 0.20 ml. of 0.2 m 
borate, pH 7.8, 0.10 ml. of 0.001 m cytochrome c, 1.00 ml. of water, 0.30 ml. 
of complete Enzyme 9, 0.20 ml. of 0.01 m cyanide, and, after the first read- 
ing, 0.20 ml. of solution containing 152 y of CoH,I. In the case of the 
incomplete enzyme, 1.3 ml. of Preparation D-2 were used and no water was 
added. The dotted line shows the extinction of the same amount of cyto- 
chrome when reduced with Na.S.O,. The arrow indicates the addition of 
reduced cozymase. The diaphorase content of the preparations was meas- 
ured by their ability to promote the anaerobic reduction of methylene blue. 
The reaction mixtures were the same except that 0.10 ml. of 0.0005 m dye 
replaced the cytochrome, and the reactions were carried out at 37° instead 
of 20°; 0.10 ml. of complete enzyme reduced the dye in 1.5 minutes, and 
1.3 ml. of incomplete enzyme reduced the dye in 3.5 minutes. In the 
absence of enzyme the dye was reduced in about 55 minutes. 

Fic. 3. The augmentation of the strong cyanide effect by incubation 
and by increased pH. Each cell contained 0.20 ml. of 0.2 m borate buffer, 
of pH 7.8 or 9.0 as indicated above, 0.10 ml. of 0.001 m cytochrome c, 1.00 
ml. of water, 0.30 ml. of complete Enzyme 7, 0.20 ml. of 0.1 m cyanide in 
the case of the solid lines, 0.20 ml. of 0.001 m cyanide in the case of the 
dotted lines, and, after the first reading, 0.20 ml. of CoH,I solution equiva- 
lent to 130 y of Col in all cases as shown bythe arrow. The time of incuba- 
tion is indicated on the curves. 


CoHgl, while such a factor is not needed for the reduction of meth- 
ylene blue. Indeed, the participation of diaphorase in the cyto- 
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chrome reduction remains to be shown, since its mere presence 
in the complete system is not enough to warrant the conclusion 
that it is an essential link in the transport mechanism between 
CoHizI and cytochrome c. 

Cyanide Inhibition of Cytochrome c Reduction—The reduction of 
cytochrome c was studied without the use of anaerobic conditions 
by adding dilute cyanide to block the action of cytochrome oxidase, 
which was present in the complete preparations. It can be seen 
from Fig. 1 that 10-* m cyanide was sufficient to block completely 
the oxidation in that experiment. Experiments with succinate 
showed that the oxidase is effectively blocked by cyanide in final 
concentrations of 10-* m, and that lower levels represent critical 
concentrations of the inhibitor. Experiments with 10-* m cyanide 
showed that the reduction of cytochrome c is inhibited by this 
concentration of cyanide, and it is therefore not unlikely that 
even 10-* m cyanide has some inhibiting effect on the reduction 
of cytochromec. We have therefore used 10~‘ m cyanide whenever 
this was possible in order to block the oxidase, which appears to 
be from 10 to 100 times as sensitive to cyanide as the cytochrome- 
reducing system. 

Since the cyanide inhibition of cytochrome c reduction appeared 
to be a new observation, it was studied in somewhat greater detail, 
after determination of the proper amounts of CoH,I and of suc- 
cinate to be used for the reduction of 1 X 10-7 mole of cytochrome 
c, which was the amount best suited for the spectrophotometric 
measurement. The inhibition of cytochrome c reduction was 
found to be dependent upon both time and pH. The results are 
shown in Fig. 3, and, although omitted for the sake of brevity, 
perfectly analogous results were obtained in experiments in which 
succinate was used instead of CoH.I. Experiments in which the 
oxidase was blocked out with 10-* m cyanide but in which the 
reduction was apparently unaffected are included for controls. 
It is apparent that the reduction proceeded virtually at the same 
rate at either pH 7.8 or 9.0, and that the inhibition by 10-? m 
cyanide was more rapid at pH 9.0 than at pH 7.8, although the 
inhibition was complete even at pH 7.8 if 30 minutes incubation 
time were allowed before the addition of CoH,I. The inhibition 
of the oxidase by dilute cyanide on the other hand appears to be 
instantaneous. It has been shown by von Euler and Hell- 
strém (13) that diaphorase is not inhibited by a pH of 9.0 in 
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Thunberg tests and it was shown by Adler, von Euler, and Hell- 
strém (9) that diaphorase is not inhibited by 10-? mM cyanide. We 
have confirmed both of these observations under conditions exactly 
parallel with our cytochrome c reduction tests. It seems clear 
therefore that neither the cyanide nor the pH effect involves 
diaphorase. 


DISCUSSION 


Although the results of Ogston and Green (4) and Dewan and 
Green (11) do not support our conclusion that cytochrome c is an 
essential link in the hydrogen transport mechanism between the 
coenzymes and oxygen, more recent work by Hawthorne and 
Harrison (20) supports our position and appears to afford an 
explanation for the results of Dewan and Green. They demon- 
strated a stimulation of oxygen uptake by cytochrome c in a 
system involving a preparation of cytochromes a and b similar to 
that used by Dewan and Green by diminishing the concentration 
of the preparation of cytochromes a and b 20- to 40-fold. It 
was also shown that in the presence of large amounts of this 
preparation, additions of cytochrome c were without effect, as 
had been reported by Dewan and Green in the case of the Col 
system. We feel that the results of Dewan and Green cannot be 
said to prove that cytochrome c is not involved in the oxidation 
of the coenzyme-linked metabolites until their preparation of cyto- 
chromes a and b is shown to be free from cytochrome c, and even 
if this is shown, one must ask whether the oxidation of CoHelI 
by cytochromes a and ), if it occurs in the absence of cytochrome ec, 
actually represents the physiological mechanism. 

In attempting to analyze the mechanism by which cytochrome c 
is reduced, we considered that cytochrome b stood out among the 
various possibilities (1). A similar suggestion has also been made 
by Keilin and Hartree (21). In our own work, the reduction of 
cytochrome c took place with preparations which contained cyto- 
chrome 6 and failed in preparations in which cytochrome b could 
not be demonstrated, and in which one would expect cytochrome b 
to be lacking, on the basis of Keilin’s work. The inhibition of 
cytochrome c reduction in the presence of 0.01 m cyanide also 
pointed to cytochrome }, since the autoxidation of cytochrome b 
appears to be affected by higher concentrations of cyanide (22), 
and since the other members of the reaction chain (diaphorase, 
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cytochrome c) were considered not to be affected by cyanide. 
Keilin and Hartree have stated that cytochrome ¢c and cyanide 
do not form a complex (21, 23) although this possibility is defi- 
nitely indicated in recent experiments by Potter (24). The latter 
experiments furnish an adequate explanation for the cyanide effect 
and make unnecessary the assumption that cytochrome b is 
involved. 

The oxidation-reduction potential of cytochrome b is well below 
that of cytochrome c according to Ball (25) and is well above that 
of Col (26). This fact supports the idea that cytochrome b could 
be part of the cytochrome c reducing mechanism, as Ball pointed 
out. The potential of cytochrome b also meets the requirements 
of a catalyst which could link CoHeI to fumarate anaerobically or 
succinate to oxygen under aerobic conditions. 

The results of Dewan and Green are of further interest in con- 
nection with the theory that cytochrome 6 is involved in the 
reduction of cytochrome c by CoH2I. They reported that dia- 
phorase plus CoHI would reduce preparations of cytochromes a 
and 6 but not cytochrome c. Our own experience suggests that 
cytochrome c is reduced if the preparation of cytochromes a 
and 6 is present in addition to the diaphorase and CoH,I. It has 
not yet been possible to separate cytochromes a and b from each 
other or from cytochrome oxidase or indeed from diaphorase 
activity. Therefore it is clearly not yet possible to conclude that 
the mere presence of any one of these compounds in an active 
preparation of what may for the moment be referred to as “‘cyto- 
chrome c¢ reductase” is proof that any of the compounds are 
needed for the reaction, since any one of the constituents or some 
unknown constituent may be the transporting mechanism. The 
indirect evidence outlined above can all be explained, however, 
on the assumption that CoH,I reduces cytochrome b in the pres- 
ence of diaphorase, and that the cytochrome c is then reduced by 
cytochrome 6. The results with succinate can also be explained 
on the assumption that cytochrome b is reduced by succinate in 
the presence of succinic dehydrogenase. Hopkins et al. (27) have 
recently reported that succinic dehydrogenase does not react 
directly with cytochrome c. 

The concept that the cytochromes act together to form a chain 
in the hydrogen transport mechanism, as suggested above, is not 
new, but proof of the concept has not been forthcoming, and the 
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work of Dewan and Green and of Ogston and Green led Martius 
in a recent review (28) to suggest that the various cytochromes 
might represent alternate paths of hydrogen transport, rather 
than a single path. The present work appears to refute the evi- 
dence (4, 11) upon which the Martius concept was based. 

Thus far all attempts to obtain the “‘Col-cytochrome c re- 
ductase”’ in solution have failed, and thus the preparation could 
not be fractionated. The isolation of the new “CoH,II-cyto- 
chrome c¢ reductase’ which Haas, Horecker, and Hogness have 
obtained in soluble form from yeast proves that a yellow enzyme 
exists which is capable of reducing cytochrome c directly at physio- 
logical rates in the absence of cytochrome b. The réle of cyto- 
chrome b in the hydrogen transport mechanism cannot at present 
be defined. The work of Haas, Horecker, and Hogness indicates 
that cytochrome b is not necessary for cytochrome c reduction, 
and the extreme lability of their enzyme makes it seem possible 
that diaphorase is a modified form of an enzyme which in its 
native state may possess the ability to reduce cytochrome c 
directly. This assumption would explain the facts as well as 
the assumption that cytochrome 6 is involved. 


SUMMARY 


1. The mechanism of hydrogen transport from reduced coen- 
zyme I to oxygen was studied by means of spectrophotometric 
methods and evidence was obtained to show that cytochrome c is 
a part of the transport mechanism. 

2. The mechanism of cytochrome ¢ reduction was then studied 
and although indirect evidence was shown to be explainable on the 
assumption that CoHI reduces cytochrome 6 in the presence of 
diaphorase, with cytochrome c then reduced by cytochrome }, 
no definite conclusion was drawn on this point. 

3. The reduction of cytochrome ¢c was shown not to take place 
in the presence of diaphorase alone, and was shown to be inhibited 
by 0.01 meyanide. The cyanide effect was shown to be augmented 
by incubation and by an increase in the pH of the medium. 


This work was carried out while the authors were in residence 
at the Biochemical Institute but the spectrophotometric measure- 
ments at 550 mp were made in the chemical laboratory of the 
Caroline Institute, with an apparatus kindly furnished by Pro- 
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fessor H. Theorell to whom we are also indebted for generous 
supplies of cytochrome c. We also take this opportunity to thank 
Mr. G. Giinther for making the spectrophotometric measurements 
at 334 my, Dr. F. Schlenk for cozymase, Dr. Erich Adler for help- 
ful advice, and Professor H. von Euler for his continuing interest 


throughout this work. 
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STUDIES ON THE MECHANISM OF HYDROGEN TRANS- 
PORT IN ANIMAL TISSUES 


III. CYANIDE INHIBITION OF CYTOCHROME C REDUCTION* 


By V. R. POTTER 
(From the McArdle Memorial Laboratory, University of Wisconsin, Madison) 


(Received for publication, August 15, 1940) 


In 1939 Potter and Lockhart (1) reported that the enzymatic 
reduction of cytochrome c was blocked by 0.01 M cyanide. On the 
basis of this experimental observation plus the fact that diapho- 
rase alone will not reduce cytochrome c, together with various 
observations reported in the literature, they suggested that cyto- 
chrome b might be necessary for the reduction of cytochrome c. 
Their work is reported in greater detail in Paper II (2). 

Among the statements in the literature accepted at the time of 
these experiments was that ef Keilin and Hartree (3, 4) to the 
effect that cytochrome c does not combine with cyanide. Since 
the data supporting their conclusions were not given, it may be 
possible that their conditions were different from those to be 
described below, which favor the conclusion that cytochrome c 
does combine with cyanide. 

The present work grew out of an attempt to work out a quanti- 
tative spectrophotometric method for the estimation of cyto- 
chrome c in tumor tissue by means of the specific enzymatic reduc- 
tion of cytochrome c in extracts containing other colored pigments. 
The plan was to use an enzyme containing succinic dehydrogenase 
and cytochrome oxidase. If the enzyme were allowed to act on 
cytochrome c in the absence of substrate, the cytochrome would 
be converted wholly to the oxidized form by the oxidase. The 
addition of a small amount of cyanide just sufficient to block the 
oxidase, as described in Paper II, followed by an excess of suc- 
cinate, should then result in the complete conversion of the cyto- 


* This work was supported by the Jonathan Bowman Fund for Cancer 
Research. 
13 











14 Mechanism of Hydrogen Transport. III 


chrome c to the reduced form. On the basis of the change in log 
Io/I at 550 my it was thought that the quantity of cytochrome c 
could be accurately determined. When the necessary trials were 
made, inconsistent results appeared at first to be obtained. It 
was suspected that cytochrome c was involved in a reaction with 
cyanide, and the experiments reported below support that con- 
clusion. In addition, the absorption spectrum of ferricyto- 
chrome c is shown to be altered to a slight extent by cyanide. 
These experiments are not presented as an exhaustive examination 
of the points involved but since further investigation is beyond 
the scope of our research program it is felt that a brief summary 
of our salient findings is justified at this time. 


EXPERIMENTAL 


Enzyme—The succinic dehydrogenase plus cytochrome oxidase 
preparation was made exactly according to the method for pre- 
paring the so called “complete”? enzyme in the preceding paper. 
This preparation has a Qo, of zero in the absence of added 
substrate. 

Cytochrome c—Cytochrome c¢ was prepared from beef heart ac- 
cording to the method of Keilin and Hartree (3) except that it 
was dialyzed against distilled water instead of 1 per cent NaCl. 
The product was analyzed for iron according to the method of 
Lintzel (5) except that the colorimetry was carried out by means 
of the photoelectric spectrophotometer (see below) with light of 
wave-length 520 mu + 3.7 mu. The value for a in the expression 
C = log Io/I/ad under our conditions was found to be 0.850 
xX 10’ cm.2 X gm. atoms of Fe". The product contained 0.184 
per cent Fe and since cytochrome c contains 0.34 per cent Fe 
according to Keilin and Hartree (3) and Theorell (6) the product 
was apparently only 54 per cent pure for that form of cytochrome c 
which contains 0.34 per cent Fe. The molecular extinction coeffi- 
cients of the product on the basis of its iron content agreed per- 
fectly with the values given by Theorel!l for reduced cytochrome 
at \ 520 my and at \ 550 my, and it thus follows that the prepara- 
tion was likely to be free from non-cytochrome iron and pigments 
with absorption bands in this region of the spectrum. The stock 
solution was 0.005 nN with respect to HCl and was kept in the 
cold at all times. 
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Cyanide—0.10 N NaCN with HCl was prepared as in the pre- 
ceding paper. Weaker solutions were prepared as needed .by 
dilution. 

Spectrophotometry—The apparatus used was a photoelectric 
spectrophotometer manufactured by the Central Scientific Com- 
pany and referred to by them as the Cenco-Sheard spectropho- 
telometer. Cells in which d was 1.00 cm. were used in all cases. 
For all the measurements on cytochrome c we used the narrowest 
spectral range which could be isolated practicably ; namely, 5.3 mu. 
This figure was obtained from the fact that the entrance slit was 
set at 0.7 mm. and the exit slit had a nominal width of 2.5 mug. 
The main portion of the light thus had a width of 2.5 my, since 
the intensity approached zero at the extremes of the 5.3 my band. 
Values for a were determined for both ferrocytochrome ¢ and 
ferricytochrome c, the former by reduction with Na,S,O, and the 
latter by oxidation with K;Fe(CN).». Neither of the two latter 
compounds absorbs light in the concentrations and spectral ranges 
employed. When pure ferrocytochrome c or pure ferricytochrome 
c is being studied, it is possible to calculate the concentration 
(moles per ml.) simply by the following formulae in which E = 
log Io/I at 550 muy, and the subscripts o and r refer to ferri- and 
ferrocytochrome respectively. 

C, = E/a, (1) 
and 

C. = E/ao (2) 
However, when the cytochrome c is partly reduced and partly 
oxidized, it is necessary to combine these equations to obtain the 
fraction of the total cytochrome (C;) present in the reduced form. 
Thus 


E = Cra. + C,a, (3) 

and since 
Co+C,=C, (4) 
E = Cia, + (C; — C.) ao (5) 


from which it follows that 


ace ss yj si (6) 
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Effect of Cyanide on Enzymatic Reduction of Cytochrome c 


Previous experience had shown that the cyanide inhibition of 
cytochrome c reduction by succinate was augmented by incuba- 
tion. The effect of various times of incubation with various 
amounts of cyanide was accordingly studied. The reaction mix- 
ture was made up to contain buffer, enzyme, cytochrome c, and 
cyanide and incubated in test-tubes at room temperature for 
various periods of time. At the end of the specified time an excess 
of succinate was added to reduce the cytochrome, and the mixture 
was transferred to an absorption cell. The values for E at \ 550 mu 
were then determined and corrected for the absorption due to the 
enzyme. From these values the per cent of ferrocytochrome c 
was calculated according to Equation 6, with the extinction coeffi- 
cient of “cyan-ferricytochrome c”’ substituted for a. This ap- 
pears to be the correct procedure, since any ferricytochrome c 
present would have been reduced. The extinction of any of the 
mixtures encountered would accordingly be the sum of the ferro- 
cytochrome ¢ plus the cyan-ferricytochrome c, the extinction 
coefficients of which are given in the next section. The amount of 
enzyme was such that reduction of cytochrome was rapid for 
about 30 seconds, when the reaction had apparently proceeded as 
far as it would go since further lapse of time gave no further 
increase in extinction (compare with Fig. 3 in Paper II). Meas- 
urements were made until a constant value was obtained. In 
order to obtain values for a zero incubation time succinate was 
added immediately before the cyanide. The results of one experi- 
ment are condensed in Fig. 1. 

Having found that the blocking of the cytochrome c reduction 
was dependent on incubation, we decided to incubate enzyme 
and cytochrome independently for various periods of time, adding 
succinate followed by enzyme or cytochrome in such a way that 
either the enzyme or the cytochrome was incubated with the 
cyanide for zero time. The results of these experiments are 
included in Fig. 1. 

These results were repeated with two preparations of enzyme 
and with two preparations of cytochrome c in this laboratory. 
They fully confirm the results which were obtained in Stockholm 
and in addition provide the explanation for those results. The 
data indicate that cytochrome c reacts with cyanide under certain 
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circumstances in such a way that it cannot be reduced enzymati- 
cally. They further show that cyanide as strong as 0.01 m dges 
not affect the enzyme systems responsible for cytochrome c reduc- 
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Fig. 1. The inhibition of cytochrome c reduction by cyanide. The effect 
of incubation of cytochrome and cyanide for various periods of time prior 
to the initiation of the reduction process. Each cell contained the follow- 
ing when log J,)/7 at \ 550 mu was determined: 1.9 ml. of water; 0.3 ml. of 
0.25 m phosphate buffer, pH 7.4; 0.1 ml. of cytochrome c solution containing 
0.276 X 10-7 mole of cytochrome c; 0.3 ml. of enzyme preparation, cyto- 
chrome oxidase + succinic dehydrogenase; 0.3 ml. of cyanide solution, 
0.1 m, 0.01 m, or 0.001 m as indicated in the chart (10-* m, ete., in the chart 
refers to the final molarity of the cyanide); and 0.1 ml. of 0.2 m sodium 
succinate. In the curves labeled Z, the mixtures were made up with suc- 
cinate and cytochrome omitted, and the enzyme alone was incubated with 
the cyanide for various periods of time. At the end of the indicated time, 
succinate was added, followed by the cytochrome. In the curves labeled C, 
the mixtures were made up with succinate and enzyme omitted, and the 
cytochrome alone was incubated with the cyanide. In the curves labeled 
E + C, the mixtures were made up with only succinate omitted, and both 
enzyme and cytochrome were incubated with the cyanide. The controls 
included E determinations on the following, (1) enzyme + succinate + 
cyanide minus cytochrome, E = 0.103; (2) enzyme minus succinate minus 
cyanide minus cytochrome, E = 0.106; (3) enzyme + cytochrome minus 
succinate minus cyanide = enzyme + ferricytochrome c, EF = 0.185; (4) en- 
zyme + cytochrome minus succinate minus cyanide + Na,S,0, = enzyme 
+ ferrocytochrome c, E = 0.363; (5) enzyme + cytochrome + succinate 
minus cyanide, conditions anaerobic = enzyme + ferrocytochrome c, E = 
0.363; (6) cytochrome minus enzyme, etc., + NaS,0, = ferrocyto- 
chrome, E = 0.254. The constants used are a, = 2.81, a. = 0.88, a:cn = 
0.96. All constants X 10’ cm.* X moles. 
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tion by succinate. It seems likely that a cyan-ferricytochrome c 
complex is formed. If so, this complex is formed slowly and has a 
large dissociation constant. An excess of NaS,O, will reduce 
the cyanide-cytochrome combination when succinate is ineffective, 
but even this reaction is slower than the reduction in the absence 


of cyanide. 
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Fig. 2. Absorption spectrum of ferricytochrome c alone (solid line), 
and plus cyanide (dotted line). The cyanide was incubated for 30 minutes. 
The concentration was calculated from the iron analysis. Log I)/I 
measured at 5 mu intervals. © = data from Theorell (6) for ferricyto- 
chrome c. Measurements were made on the following mixtures, 0.3 ml. of 
0.25 m phosphate buffer, pH 7.4; 0.2 ml. of cytochrome c solution containing 
0.52 X 1077 mole; 0.1 ml. of 0.01 m K;Fe(CN),; 2.4 ml. of H,O or 2.1 ml. 
of H,O + 0.3 ml. of 0.1 N cyanide. 


Absorption Spectrum of Cyan-Ferricytochrome c 


Since the results in the preceding section could be explained by 
assuming that a cyanide-ferricytochrome complex was formed, 
an attempt was made to detect a change in the absorption spec- 
trum of ferricytochrome due to cyanide. Careful determinations 
of the spectrum of ferricytochrome were made, potassium ferri- 
cyanide being used to insure complete oxidation. The concen- 
tration was determined on the basis of iron analysis and on the 
basis of the extinction of reduced cytochrome at 550 my (with 
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Theorell’s constant), both of which gave the same result. The 
results check those of Theorell quite well but show lower values 
at 550 mu. A possible explanation is our use of potassium ferri- 
cyanide to insure complete oxidation. 

In order to convert the cytochrome to the cyanide complex 
similar amounts of cytochrome and ferricyanide were allowed to 
stand for 30 minutes in a solution which was 0.01 m with respect 
to cyanide, before the measurements were begun. The absorption 
spectra of the two compounds are shown in Fig. 2 with data on ferri- 
cytochrome taken from Theorell (6) for comparison. It is seen 
that in the presence of cyanide the absorption band at 530 mu 
has shifted toward the red by a span of about 5 mp. The maxi- 
mum changes in absorption are about 10 per cent but these are 
considered to be significant since determinations of duplicate 
samples checked to within less than 1 per cent. These results 
were obtained with two other preparations of cytochrome c but 
Fig. 2 shows only the results of duplicate determinations of the 
sample for which other data have been presented. No evidence 
that cyanide combines with ferrocytochrome c was obtained. 


DISCUSSION 


The previously mentioned reports (3, 4) that ferricytochrome c 
does not combine with cyanide were apparently based on spectro- 
photometric evidence alone and the slight shift in the absorption 
which we have observed could be easily overlooked with many 
types of spectrophotometric equipment. Experiments of the type 
represented in Fig. 1 are, however, much more clear cut and in 
fact the experiments may be duplicated qualitatively in test-tubes 
with no spectrophotometric equipment of any kind. It would be 
of interest to test by this technique the other compounds which 
have been classified with cyanide as not combining with cyto- 
chrome c; namely, sulfide, fluoride, azide, hydroxylamine, and 
peroxides (3). 

The results in Fig. 1 suggest that it should be possible to deter- 
mine cytochrome c spectrophotometrically by means of the en- 
zymatic oxidation and subsequent reduction of the compound, 
since 100 per cent recovery of the added cytochrome was obtained 
when reduction was carried out in the presence of 0.001 m cyanide 
added after the succinate. 
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The finding that 0.01 m cyanide blocks the reduction of cyto- 
chrome c by a mechanism which does not involve the reducing 
enzymes removes one of the lines of evidence which led to the 
conclusion (1) that cytochrome b was necessary for cytochrome c 


reduction. 
SUMMARY 


1. The cyanide inhibition of the enzymatic reduction of cyto- 
chrome ¢ was investigated by a spectrophotometric technique. 
Data were presented which indicate that the enzyme is unaffected 
by the cyanide and that the cytochrome c is the locus of the 
cyanide action. 

2. The absorption spectrum of ferricytochrome c was shown to 
be shifted toward the red by a span of 5 my by incubation with 


cyanide. 
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ON THE NATURE OF THE SACCHAROID FRACTION 
OF HUMAN BLOOD 


II. IDENTIFICATION OF GLUCURONIC ACID 
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(From the Department of Biochemistry, the Richmond Freeman Memorial 
Clinic, Dallas) 


(Received for publication, July 19, 1940) 


For a number of years it has been recognized that human blood 
contains appreciable quantities of non-fermentable copper-reduc- 
ing substances which have not been completely identified. In a 
previous publication (1) one of us has shown that the glutathione 
content of tungstic acid blood filtrates can account for only ap- 
proximately 37 per cent of the non-glucose reducing fraction pres- 
ent in such filtrates, as determined by the method of Folin and Wu. 
The development of a method for ridding the filtrates of gluta- 
thione, as described therein, provided an opportunity for further 
study of the reducing substance which remained after complete 
removal of glucose and glutathione from such filtrates. The term 
“residual saccharoid”’ will be used here to designate this residual 
reducing fraction. Attempts to precipitate this fraction with 
heavy metal salts were unsuccessful. Since filtrates containing 
this material suffered no perceptible loss of reducing power when 
heated to dryness on a water bath, extraction of the dry filtrate 
salts with appropriate solvents was employed to effect a separa- 
tion of the reducing material from the complex salt mass. 


EXPERIMENTAL 


Tungstic acid filtrates were prepared from several liters of fresh 
citrated human blood which had been collected with aseptic 
precautions. The filtrates were treated with washed yeast and 
mercuric chloride to remove glucose and glutathione respectively 
(1), the excess mercuric salt was removed by means of hydrogen 
sulfide, and the resulting clear liquid evaporated to dryness on the 
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a 


water bath. Extraction experiments on the dry salts showed that 
the residual saccharoid could be removed quantitatively by ab- 
solute methyl] alcohol, 95 per cent ethyl alcohol, and acetone, with 
continuous extraction for 7 to 8 hours in a Soxhlet apparatus. 
Ether, light petroleum, and chloroform failed to remove any of the 
reducing material under similar conditions. The methyl alcohol 
extracted the material without loss of reducing power; ethyl al- 
cohol and acetone, however, although very effective in removing 
the reducing material from the salts, appeared to react with 
this substance during the extraction in such a way as to diminish 
its reducing power to 10 to 20 per cent of the expected value. The 
significance of this finding will be discussed below. 

Extraction with absolute methyl alcohol was therefore used to 
concentrate the residual saccharoid and free it from the bulk of the 
filtrate salts. Lowering the temperature and simultaneous satu- 
ration with ether further diminished the salt content of the ex- 
tracts. The organic solvents were then removed by evaporation, 
the residue redissolved in water, and extraction with ether or 
chloroform carried out to remove the contaminating fatty mate- 
rial. All these procedures were without effect on the reducing 
power of the extracts and resulted in relatively pure water-clear 
aqueous solutions of residual saccharoid containing from 1 to 3 
mg. per cc. of reducing material expressed as glucose. 

Investigation of the concentrated extracts revealed that the 
reducing power was completely destroyed by temperatures above 
200° and by boiling with dilute alkalies. When treated with 
strong hydrochloric acid, furfural was evolved and detected by 
the aniline acetate test. After such treatment the neutralized 
extracts no longer reduced the Folin-Wu copper reagent. This 
property suggested the presence of a pentose or glucuronide. The 
insolubility of the material in ether does not rule out the possible 
presence of glucuronides, as Maughan and coworkers (2) have 
shown that certain glucuronides are ether-insoluble. Orcinol, 
phloroglucinol, and naphthoresorcinol tests were run on the ex- 
tracts and all were strongly positive. Although galactose also 
gives positive tests with some of these reagents, its presence in 
this instance was ruled out by repeatedly negative mucic acid 
tests. 

A positive Tollens naphthoresorcinol test has been interpreted 
by many investigators of biologic fluids as fairly definite proof of 
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the presence of glucuronic acid or its compounds. In the course 
of the present study this test was made on a number of known 
pentoses and glucuronides. It was found that although pentose 
in pure solution yields a condensation product with naphthoresor- 
cinol which is difficultly soluble in ether as opposed to the ether- 
soluble pigment formed by glucuronides, the addition of small 
amounts of ethyl alcohol as suggested by Maughan ef al. renders 
the pigment formed by pentoses as well as glucuronides soluble 
in the ether layer. Thus, the method proposed by these authors 
for the determination of glucuronides lacks specificity to this ex- 
tent. Since the tungstie acid filtrate extracts contain traces of 
certain higher alcohols, it was deemed necessary to study the 
behavior of the Tollens naphthoresorcinol test toward pentose 
added to such filtrates. The standard Tollens procedure was 
applied simultaneously to two equal portions of concentrated ex- 
tract to one of which had been added 2 mg. of arabinose, an 
amount roughly equivalent to the amount of reducing substance 
in each sample. The color which developed in the ether layer of 
the tube to which pentose had been added was exactly double 
that of the control. It must be concluded from this experiment 
that the filtrate extracts contain interfering substances, probably 
of an alcoholic nature, which render the supposedly insoluble 
condensation product of pentose and naphthoresorcinol soluble 
in ether, and thus limit the usefulness of this procedure as a dif- 
ferentiating test between pentoses and glucuronides under these 
conditions. This finding is of interest in view of the fact that 
Pryde and Williams (3) as well as earlier investigators mentioned 
by these authors have concluded that blood contains glucuronic 
acid on the basis of a positive Tollens naphthoresorcinol test 
applied to tungstie acid blood filtrates. 

To eliminate the possibility that the compounds responsible 
for the above positive reactions might have been introduced by 
the yeast or formed during the prolonged heating to which the 
filtrates were subjected in the course of preparation of the extracts, 
500 cc. of fresh sterile human blood were deproteinized in the 
usual manner and the resulting filtrate was reduced to a dry state 
entirely by freezing and subsequent vacuum desiccation at subzero 
temperature in an apparatus devised by Hill and Pfeiffer (4) for the 
preparation of desiccated serum. By this method we obtained a 
snowy white crystalline salt mixture in marked contrast to the dirty 
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yellow salt mass which resulted from prolonged evaporation of 
filtrates on the water bath. 5 gm. of this powder, representing 
100 ce. of blood and 10 mg. of residual saccharoid, were extracted 
with methyl alcohol for 7 hours in a Soxhlet apparatus, the 
methyl! alcohol evaporated under a current of air, and the residue 
dissolved in 5 cc. of water. When subjected to the orcinol, 
phloroglucinol, and naphthoresorcinol tests, this extract gave 
strongly positive reactions of the same order of magnitude as was 
obtained in the earlier experiments. When the glucose was then 
removed by fermentation with yeast and the above tests re- 
peated, the very close quantitative correspondence with prefer- 
mentation levels showed that the substance responsible for these 
reactions could not have been introduced by the yeast. This 
conclusion was further substantiated by similar positive tests on 
concentrated filtrate extracts prepared from blood which had be- 
come glucose-free by spontaneous glycolysis. 

Spectroscopic examination of the amyl alcohol and ether solu- 
tions of the colored condensation products formed in the orcinol 
and naphthoresorcinol condensations respectively, together with 
arabinose and glucuronic acid controls of approximately the same 
reducing power, showed the characteristic absorption bands as- 
cribed to pentoses or glucuronides, but gave no aid in differentiat- 
ing between the two classes of compounds. 

From another portion of concentrated glucose-free extract an 
osazone was prepared which crystallized in small symmetrical 
rosettes. After purification by recrystallization from acetone, 
the melting point was 149-150° (uncorrected). An osazone pre- 
pared from a known solution of glucuronic acid of, the same re- 
ducing power as the unknown was identical in appearance and 
melted at 150-151°. Intimate mixtures of the two osazones in 
three different proportions gave melting points ranging from 149- 
151°. An osazone prepared from an arabinose solution of the 
same reducing strength was quite unlike the other two in appear- 
ance, crystallizing in long discrete needles characteristic of the 
pentosazone. 


Quantitative Observations 


Methy! alcohol extraction experiments on many different dried 
filtrates showed repeatedly that all the residual copper-reducing 
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material was removed from the salts and recovered in the extracts. 
The substance responsible for the orcinol, phloroglucinol, -and 
naphthoresorcinol tests was simultaneously quantitatively re- 
moved. To establish the identity of the substance responsible 
for these color tests with that producing copper reduction, quan- 
titative colorimetric orcinol, naphthoresorcinol, and copper reduc- 
tion tests were run simultaneously on each sample of purified 
extract and compared with a glucuronic acid standard of ap- 
proximately the same copper-reducing power as the unknown. 
The ratios between known and unknown showed very close agree- 
ment in all of the tests. 

When the same procedure was carried out with a pentose stand- 
ard of the same glucose equivalent in place of the glucuronic 
acid standard, the ratios for the three tests varied widely. In 
other words, the residual saccharoid exhibits the same chromo- 
genic potency toward Bial’s and Tollens’ reagents as an equivalent 
amount of glucuronic acid, whereas the same amount of pentose, 
in terms of copper-reducing potency, yields relatively much less 
color in the Bial and Tollens tests. 

From 5 ce. of filtrate extract containing 5 mg. of reducing sub- 
stance calculated as glucose or 7.5 mg. calculated as glucuronic 
acid,' 11.1 mg. of recrystallized osazone identical in appearance 
and melting point with glucuronic acid osazone were obtained, 
which is 77 per cent of the theoretical yield of 14.3 mg. 


DISCUSSION 


The above data appear to indicate that glucuronic acid or its 
compounds are responsible for practically all of the residual re- 
ducing power of tungstic acid blood filtrates not accounted for by 
glucose or glutathione. A very small part of the rest reduction 
is due to creatinine, uric acid, and ascorbic acid; however, the total 
reducing value of these compounds, based on experimental deter- 
minations of their glucose equivalents, probably does not exceed 
2 or 3 mg. per cent in normal bloods. When allowance is made 
for these compounds and for glutathione, it would appear that 


? According to Quick (5), 1 molecular weight of glucose has the same re- 
ducing potency as 1.5 molecular weights of glucuronic acid toward the 
Folin-Wu copper reagent. The reducing equivalents vary with the copper 
reagent employed. 
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human blood normally contains from 10 to 25 mg. per cent of 
glucuronic acid in free or conjugated form. 

The constant presence of glucuronides in human blood is not at 
all surprising in view of the known fact that such compounds are a 
constituent of normal urine. Quick (6) has shown that the organ- 
ism can synthesize glucuronic acid at the rapid rate of 1 gm. per 
hour and has suggested that the compound may play a rdéle in 
the intermediary metabolism of carbohydrates besides acting as a 
detoxifying agent. The recent discovery (7, 8) that certain sex 
hormones are excreted as glucuronides further suggests that glu- 
curonic acid may play a more vital réle in body metabolism than 
has hitherto been supposed. 

From the data at hand we are unable to draw definite conclu- 
sions concerning the form in which glucuronic acid exists in human 
blood. Since all of the blood glucuronide appears to reduce al- 
kaline copper solutions even when every precaution is taken to 
prevent preliminary hydrolysis, it is probable that the compound 
exists in blood either as the free acid or as a conjugated glucuronide 
of the ester type. 

As noted previously, 80 to 90 per cent of the residual reducing 
substance disappeared with regularity when filtrate salts were 
refluxed for an hour with ethy] alcohol or acetone. A similar loss 
of reducing power occurred when pure glucuronic acid solutions 
were subjected to the same treatment. In both cases, acid 
hydrolysis of the extracts effected the return of a large percentage 
of the reducing power, suggesting that conjugation of the glu- 
curonic acid and the solvent occurred during the refluxing process. 
This finding lends support to the assumption that. the compound 
in blood contains a free aldehyde group. Further study of the 
points herein involved is in progress. 


SUMMARY 


Glucuronic acid in free or combined form has been shown to be 
a constant constituent of normal human blood. 

Evidence is presented that the non-glucose copper-reducing 
fraction of blood, as determined by the Folin-Wu method, can 
be almost completely accounted for by glutathione and glucuronic 
acid. The remaining small percentage is due to known reducing 
substances such as creatinine, uric acid, and ascorbic acid. 
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METHYLATION OF HEXOSAMINES* 


By P. A. LEVENETt 
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New York) 


(Received for publication, August 3, 1940) 


The preparation of the methylated derivatives of glucosamine 
and chondrosamine described in this communication was initiated 
because of the need of reference substances in connection with 
studies on the structure of mucosine and chondrosine and of other 
nitrogenous polysaccharides. It was anticipated that the nitroge- 
nous moiety of the above polysaccharides might be isolated either 
in the form of methylated hexosamines, hexosaminic acid, or 
deaminized derivatives of the former. 

Methylation of Chondrosamine Hydrochloride—It is generally 
known that methylation of glycosides proceeds more satisfactorily 
than that of free sugars. Unfortunately, the preparation of the 
chondrosamine methylglycoside proved to be a problem of its 
own which required considerable time and effort; therefore the 
direct methylation of the pentaacetate of chondrosamine was 
resorted to. The yield of the crude methylated product was about 
2.5 to 2.75 gm. from 5 gm. of acetate, or 70 per cent of the theory. 
Unfortunately, only half of the material was present in crystalline 
form, thus reducing the yield to 35 per cent and, if we accept as 
90 per cent the yield of the acetyl derivative from the hexos- 
amine, the yield is reduced to a little over 30 per cent. Meanwhile, 
there appeared the very important contribution to the methyla- 
tion of glucosamine by Cutler, Haworth, and Peat.' The yield 
obtained by these authors was 1 to 1.5 gm. from 5 gm. of the 


* The microanalytical work reported in this paper as well as in other 
publications by my associates and myself for the last 15 years was carried 
out by Dr. A. Elek. 

t Died September 6, 1940. 

1 Cutler, W. O., Haworth, W. N., and Peat, S8., J. Chem. Soc., 1979 (1937). 
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acetate. The authors did not specify whether this yield referred 
to the crystalline product or the crude material. Granting their 
entire product was crystalline, their result on methylation of 
glucosamine was slightly better than our yield on the crystalline 
derivative of chondrosamine, but much inferior to our yield of the 
crude product. Inasmuch as the program of the present study 
included the preparation of methylated glucosaminic acid, glu- 
cosamine hydrochloride was methylated. By the procedure de- 
scribed in the experimental part, the yield of the crude methylated 
product was 3 gm. from 5 gm. of the acetate, or 85 per cent of 
the theory; the yield of the crystalline material was only 2 gm. 
from 5 gm. of the acetate, or 57 per cent of the theory; and if 
90 per cent is taken as the yield of the acetate from the glucosamine 
hydrochloride, the yield of the crystalline product obtained by 
this method is above 40 per cent of the theory. Hence it is not 
much lower than the yield from methylglucosaminide, the yield 
of the tri-O-acetylmethylglucosaminide hydrobromide from bro- 
motri-O-acetylglucosamine hydrobromide being accepted as 52 per 
cent of the theory, according to Irvine, MeNicoll, and Hynd.2 In 
these experiments the yield of the methylated product from glu- 
cosamine was higher than that of chondrosamine. The cause of 
the difference lies in the nature of the pentaacetates of the sub- 
stances used for methylation. The glucosamine pentaacetate was 
practically all crystalline, and it was readily soluble in organic 
solvents. Chondrosamine hydrochloride on acetylation yields 
only a small proportion of crystalline pentaacetate. This fraction 
is very insoluble and cannot conveniently be used for methylation. 
On the other hand, the amorphous material, which alone was 
used for methylation, could not be expected to be of great homo- 
geneity. This nature of the starting material may also be respon- 
sible for the great proportion of the non-crystalline fraction of the 
methylated chondrosamine. 

Both methylated derivatives obtained by methylation of the 
acetylated hexosamines were mixtures of the a and £8 isomers. 
Thus the more insoluble fraction of N-acetyltri-O-methylmethyl- 
chondrosaminide had a specific rotation of [a]? = —12° (in tet- 
rachloroethane). Dextrorotatory samples were obtained from 
crystallization of the mother liquors. Finally, the most soluble 


? Irvine, J. C., MeNicoll, D., and Hynd, A., J. Chem. Soc., 99, 250 (1911). 
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fraction, not completely free from traces of mother liquor, gave 
on sublimation under reduced pressure a substance with [a]? = 
+113.4° (in tetrachloroethane). 

It is peculiar that N-acetyltri-O-methylmethylglucosaminide 
prepared by the methylation of the acetyl derivative had [a]” = 
+20° (in chloroform), which is very close to the value of 
[a]? = +19.6° found by Cutler, Haworth, and Peat. On the 
other hand, our substance showed no rotation in methanol or 
acetone, whereas the substance of the English workers had 
la], = —13.1°. 

Tri-O-methylhexosaminic acids were prepared by oxidation of 
the corresponding tri-O-methylhexosamine hydrochlorides with 
mercuric oxide in a manner similar to oxidation of the correspond- 
ing hexosamine hydrochlorides to hexosaminic acid. 

Cyclic Structure of Chondrosamine—The principal interest in the 
preparation of the methylated hexosamines was the investigation 
into their cyclic structure. Meanwhile, the structure of the 
N-acetyltri-O-methylmethylglucosaminide obtained on methyla- 
tion of glucosamine was established by Haworth, Lake, and Peat? 
and confirmed by Neuberger.‘ Hence there remained the task 
of establishing the cyclic structure of the corresponding chondros- 
amine derivative. The task was accomplished by oxidation of 
tri-O-methylchondrosamine hydrochloride with Dakin’s reagent 
(chloramine-T). The procedure of Herbst® was adopted to suit 
this special condition. 2,3,5-Tri-O-methyllyxose was isolated 
without difficulty, thus showing that the N-acetyltri-O-methyl- 
methylchondrosaminide has the pyranoside structure. Inciden- 
tally, it may be mentioned that under the conditions employed 
in the present study, naphthalenesulfonchloramide presents no 
advantages over chloramine-T for oxidation of glucosamine. 

Deacetylation of N-Acetyltri-O-Methylmethylchondrosaminide— 
Attempts were made to deacetylate by means of aqueous barium 
hydroxide. A preliminary experiment with 20 mg. of substance 
in 7.5 per cent solution of barium hydroxide heated in a sealed 
tube for 48 hours at 100° resulted in complete deacetylation. 
However, with larger quantities of material, the procedure did not 


°’ Haworth, W. N., Lake, W. H. G., and Peat, 8., J. Chem. Soc., 271 (1939). 


* Neuberger, A., Biochem. J., 32, 1435 (1938). 
5 Herbst, R. M., J. Biol. Chem., 119, 85 (1937). 
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give satisfactory results, and so the method was abandoned in 
favor of hydrolysis with a solution of dry hydrogen chloride gas in 
dry methanol. 

EXPERIMENTAL 


Glucosamine Derivatives 


N-Acetyltrt-O-M ethylmethylglucosaminide—Glucosamine penta- 
acetate was prepared by the procedure of Lobry de Bruyn and 
Van Ekenstein® and the crude material was used for methylation 
by the dimethyl sulfate method. 

15 gm. lots of the crude acetate were dissolved in 15 ml. of 
methanol. The solution was introduced into the methylation 
flask which contained 60 ml. of carbon tetrachloride and 150 ml. 
of dimethyl sulfate. 10 ml. of water were added and the mixture 
was emulsified by stirring before 150 ml. of 12.5 N alkali were 
allowed to flow into the flask. The temperature of the water 
bath was 40°. The alkali was then allowed to flow at the rate of 
10 drops in 15 seconds for 30 minutes and then a drop a second 
until 150 ml. of the alkali were added. 50 ml. of dimethyl sulfate 
were then added in rapid flow and 50 ml. of alkali were added at 
the rate of 1 drop a second. The temperature of the water bath 
remained at approximately 40° by the heat of the reaction. At 
this stage the temperature was slowly raised to 55°, half an hour 
being allowed to pass before further addition of the reagents. 
At the end of the half hour (about 3 hours after the beginning of 
the methylation) an additional 150 ml. of dimethyl sulfate and 
200 ml. of alkali were added—the dimethyl sulfate always in 
advance of the alkali—at such a rate that the operation lasted 
about 2 hours. At the end of this time the temperature of the 
bath was raised to 75° and the reaction was allowed to proceed 
another hour or two. Further treatment was as usual. The 
yield of the crude material was 10 gm. from which 6.0 gm. were 
obtained in crystalline form; m.p. 190°, sharp (observed under the 
polarizing microscope). 

CisHasNOe (277.2) 


Calculated. C 51.94, H 8.36, N 5.05, OCH, 44.76, COCH; 15.40 
Found. ** 52.00, “‘ 8.26, ** 5.08, ‘ 44.77, “ 15.42 





* Lobry de Bruyn, C. A., and Van Ekenstein, W. A., Rec. trav. chim. 
Pays-Bas, 18, 83 (1899). 
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The rotation of the substance was 
la|p = 0.0° (in CH,OH or acetone) 
+0.40° X 100 


[als = ———~ 


= +20° (in chloroform) 





Tri-O-Methylchondrosamine Hydrochloride—3.0 gm. of the above 
glycoside were dissolved in 100 ml. of 5 per cent hydrochloric acid 
to which 3.0 gm. of stannous chloride were added. The solution 
was refluxed for 10 hours over a free flame. Hydrogen sulfide was 
then passed through the solution and the filtrate concentrated to 
dryness under reduced pressure, the temperature of the water bath 
not exceeding 40°. It is essential to have the residue as dry as 
possible before crystallization. The residue was therefore taken 
up in benzene, which was then removed by evaporation under 
diminished pressure. The operation was repeated several times 
and the adhering traces of benzene were removed by means of 
ether. The residue was finally dissolved in a minimum of hot 
anhydrous ethanol and ether was added to the solution until, on 
scratching, crystallization began on the walls of the vessel. The 
yield was 2.0 gm. or 75 per cent of the theory. 

After two recrystallizations the crystals observed under the 
polarizing microscope lost their birefringence at 195° and melted 


at 210°. 


CsH20,NCl 
Calculated. C 41.92, H 7.82, N 5.43, Cl 13.76, OCH, 36.13 
Found. ** 41.90, “* 7.98, “ 5.40, “* 13.66, ‘* 36.08 


The rotation of the substance was 


+2.32° < 100 


= ° (i h. 
rr +58° (in methanol) 


la]5 = 
Tri-O-Methylglucosaminic Acid—1.5 gm. of the above substance 
were dissolved in 25 ml. of water. 10 gm. of mercuric oxide were 
added and the mixture was placed on an electric plate. After 4 
minutes 25 ml. of water were added and the mixture was placed 
on a hot water bath for 15 minutes. At this time the red color 
of the mercuric oxide disappeared. The partly yellow, partly 
gray precipitate was removed by filtration and hydrogen sulfide 
was passed into the solution. This filtrate was concentrated to 
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dryness; the traces of moisture were removed by distilling off 
added benzene and later ether. It was difficult to remove the 
remaining traces of water; thus the residue was dissolved in a 
minimum amount of anhydrous alcohol which on addition of ether 
formed a gel consisting of felt-forming needles. Again redissolved 
in alcohol it formed, on removal of the solvent by distillation, a 
dry residue which was then recrystallized from alcohol and ether. 
Yield 1 gm. of substance, or 72 per cent of the theory; m.p. 178- 
179° under the polarizing microscope. 


CsHi:,O6N. Calculated. C 45.54, H 8.07, N 5.90, OCH; 39.24 
237.15 Found. ** 45.59, ** 8.14, ** 5.90, ‘* 39.09 


The rotation of the substance was 


42° 100 
+0 X 10 = +10.5° (in methanol) 


1 X 4.0 





lalp = 


Oxidation of Tri-O-Methylglucosamine Hydrochloride to 
2,3 ,5-Tri-O-Methylarabinose 


Experiment I—To 2.0 gm. of 3,4,6-tri-O-methylglucosamine 
hydrochloride (8 mM) in 3 ml. of water 8 ml. of 1.0 N sodium 
hydroxide and 4.412 gm. (15 mm) of chloramine-T were added in 
several portions and the solution was allowed to stand 1 day at 
room temperature and then a day in the thermostat at 37°. 
8 mm of 1.0 n hydrochloric acid were then added and the mixture 
was allowed to stand in the refrigerator overnight. The toluene- 
sulfonamide was removed by filtration, the filtrate was brought to 
pH 7.5 by means of a solution of barium hydroxide, a few drops 
of acetic acid were added, and the solution was concentrated to 
dryness at room temperature. When taken up in water, it left 
a very small insoluble residue. The mother liquor was again con- 
centrated to dryness. At this time the residue was completely 
soluble in water. The aqueous solution was extracted with chloro- 
form and the extract was dried over sodium sulfate and then was 
distilled, after the solvent had been removed, by distillation at a 
bath temperature of 110° and p = 4 X 10° mm. Yield 0.50 gm. 


CsH0; (192.1). Calculated. C 49.96, H 8.39, OCH; 48.44 
Found. ** 60.05, ** 8.40, ‘* 48.30 
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The rotation of the substance was 


+1.85° X 100 


0.5 X 10 = +37° (in 50% ethanol) 


[a]> = 
Experiment I[—2 gm. of 3 ,4,6-tri-O-methylglucosamine hydro- 
chloride were dissolved in 15 ml. of water containing 0.6 gm. of 
sodium bicarbonate and 5.0 gm. of naphthalenesulfonchloramide 
dissolved in 200 ml. of water were added in small portions and the 
reaction mixture was kept in a thermostat at 37° overnight. The 
reaction product was then rendered slightly acid with acetic acid 
and chilled in an ice-alcohol mixture. It was then filtered and the 
filtrate brought to pH 7.5 and concentrated to dryness under 
reduced pressure and at room temperature. The residue was 
taken up in a minimum of water, again chilled, filtered, and the 
filtrate extracted with chloroform. The dried chloroform extract 
was fractionated. The weight of the fraction distilling at a bath 
temperature of 110° and p = 4 X 10-° mm. was 0.30 mg.—not 
better than treatment of an equivalent of the corresponding glucos- 
amine hydrochloride with chloramine-T. 

Experiment I7J—1.186 gm. of 3,5,6-tri-O-methylglucosaminic 
acid were dissolved in 25 ml. of water containing 5 mm of alkali 
and 0.860 gm. (5 mm) of chloramine-T. This was allowed to 
stand in the thermostat at 37° overnight, then neutralized with 
5 ml. of 1.0 nN hydrochloric acid, chilled in an ice-aleohol mixture, 
and the crystalline deposit removed by filtration. On concentra- 
tion of the mother liquor a second crystalline deposit formed which 
again was removed by filtration. The filtrate was brought up to 
pH 7.5 and concentrated to a small volume and extracted with 
ether. 

The yield of the fraction distilling at a bath temperature of 110° 
and p = 4 X 10-° mm. was 0.300 gm. 


Cs3H60s (192.1). Calculated. C 49.96, H 8.39, OCH; 48.44 
Found. ** 49.95, “© 8.16, “* 48.23 


Chondrosamine Derivatives 


Chondrosamine Pentaacetate—3.0 gm. lots of carefully dried 
chondrosamine hydrochloride were acetylated by the procedure 
employed by Lobry de Bruyn and Van Ekenstein.’ 6.0 gm. of 
the starting material yielded 9 gm. of dry material. A small part 
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of the acetate was insoluble in ether, slightly soluble in alcohol 
and benzene, and more readily soluble in chloroform. It was 
recrystallized from hot benzene. The melting point remained 
constant after two recrystallizations; m.p. 235° (at rapid heating 
under the polarizing microscope). 


CisH2:0i0N. Calculated. C 49.33, H 5.96, N 3.59, COCHs 55.26 
389.2 Found. ** 49.34, “* 6.02, “* 3.62, “55.20 


The rotation of the substance was 


+0.20° X 100 


= 0° (in ch 
2x10 +10° (in chloroform) 


lal = 
The greater part of the acetate remained as an amorphous solid 
mass and this material served for methylation. 
N-Acetyltri-O-Methylmethylchondrosaminide—The procedure of 
methylation was the same as employed in the case of the penta- 
acetate of glucosamine. It was, however, more advantageous to 
employ the amorphous material because of the poor solubility of 
the crystalline acetate. 5 to 7 gm. lots of the acetate, as a rule, 
gave the best results. The yield of methylated material was 2.5 
to 2.75 gm. from 5.0 gm. of acetate or 70 to 75 per cent of the 
theory. Unfortunately, much of the material was amorphous. 
The yield of pure recrystallized material was not more than half 
of the crude product. It may be possible in the future to purify 
the amorphous material. The crystalline material only was used 
in this investigation; m.p. 223°. 


CisHwO0N (277.2) 
Calculated. C 51.94, H 8.36, N 5.05, OCH; 44.76, COCH; 15.40 


Found. ** 61.98, “ 8.36, “ 5.07, “ 44.73, “ 15.38 


The substance had the following rotation. 


—0.28° X 100 


aa.” —12.5° (in s-tetrachloroethane) 


la] = 


A small sample of crude material sublimed at a bath temperature 
of 185°, p = 4 X 10-*mm. Under the microscope it began turn- 
ing into long needles (instead of small needles and larger masses 
at about 140°). The needles continued growing until the tem- 
perature reached 182°, when they melted. 
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From the mother liquors on concentration a crystalline deposit 
was obtained which was still slightly colored and which on, sub- 
limation at p = 4 X 10-° mm. and a bath temperature of 185° 
had the following composition. 


Ci2H2s06N 
Calculated. C 51.94, H 8.36, N 5.05, OCH; 44.76, COCH; 15.40 
Found. ** 51.98, “* 8.36, ‘‘ 5.07, ‘* 44.73, on 15.38 


The rotation of the substance was 


3.55° & 100 
la]p = = +114.4° (in s-tetrachloroethane) 


Tri-O-Methylchondrosamine Hydrochloride—The N-acetyltri-O- 
methylmethylchondrosaminide was hydrolyzed by refluxing in a 
5 per cent hydrochloric acid solution in the presence of stannous 
chloride and the reaction product worked up as in the case of the 
corresponding glucosamine derivative. The final substance crys- 
tallized from alcohol and ether, and to complete the crystallization 
pentane was added in very small portions; m.p. 178°. 


CsH20;NCI 
Calculated. C 41.92, H 7.82, N 5.43, Cl 13.76, OCH; 36.13 
Found. ‘* 41.75, ** 7.78, “* 5.47, “ 13.86, “ 396.06 


The rotation of the substance was 


+3.05° x 100 all +2.10° X 100 
lal5 = rg +152.5° (initial) = — = 


+105° (equilibrium in H,O) 





Tri-O-M ethylmethylchondrosaminide—1.5 gm. of N-acetyltri-O- 
methylmethylchondrosaminide were dissolved in 60 ml. of meth- 
anol containing 10 per cent of dry hydrogen chloride gas and 
allowed to reflux on a water bath for 20 hours. The reaction 
product was concentrated to dryness under reduced pressure and 
at room temperature. The residue was taken up in anhydrous 
ethanol and again concentrated, the operation being repeated 
several times. It was finally taken up in ether and again con- 
centrated. The final dry residue was taken up in a minimum 
amount of anhydrous ethanol. On addition of ether, the sub- 
stance crystallized. To complete crystallization, pentane was 
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added dropwise. The yield of the substance was 1.368 gm. At 
175° the small needles turned gradually into very long needles 


that melted at 227°. 


C1oH2205NCl 
Caleulated. C 44.17, H 8.16, N 5.15, Cl 13.05, OCH; 45.68 
Found. “ 44.14, “ 8.14, “ 5.16, “ 13.15, “ 45.58 


The rotation of the substance was 


+5.50° * 100 ° 
lalb = — ~ = +150.3° (in methanol) 


1 X 3.66 

Tri-O-Methylchondrosaminic Acid—0.650 gm. of tri-O-methyl- 
chondrosamine hydrochloride was dissolved in 25 ml. of water. 
2.5 gm. of mercuric oxide were added and the suspension was 
heated over a free flame for 5 minutes. It was then allowed to 
stand on a hot water bath an additional 15 minutes. Further 
treatment was similar to that of the corresponding derivative 
of glucosamine. The yield of the substance was 0.450 gm. (75 per 
cent of the theory); m.p. 187° (under the polarizing microscope). 


CoHisOsN. Calculated. C 45.54, H 8.07, N 5.90, OCH; 39.24 
Found. ** 45.68, “* 8.09, ** 5.90, ‘* 39.16 


The rotation of the substance was 


+0.14° x 100 


7 = +7.0° (in methanol) 


lalp = 
Oxidation of Tri-O-Methylchondrosamine Hydrochloride to 2,3 ,5- 
Tri-O-Methyllyxose—2 gm. (8 mm) of tri-O-methylchondrosamine 
hydrochloride were dissolved in 8 ml. of 1.0 N sodium hydroxide 
and 4.6 gm. of chloramine-T were added in three portions. The 
solution was allowed to stand for 36 hours at room temperature 
and overnight in a thermostat at 37°. Further treatment was 
similar to that on oxidation of the corresponding derivatives of glu- 
cosamine. The yield of distilled material was 0.50 gm. The com- 
position showed that the material was not sufficiently pure for 
identification (C 49.06, H 8.11, OCH; 45.81). 
Hence the material was separated into two fractions by dis- 
tillation at p = 4 X 10-° mm. and a bath temperature of 110°. 
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The composition of each of the two fractions was as follows: 


CsH,O;. Calculated. C 49.96, H 8.39, OCH, 48.44 
Found. Fraction I. ‘“ 49.06, “ 8.11 
as II. “ 50.03, “8.26, ‘ 48.36, n> = 1.4480 


The rotation of Fraction II was 


—1.28° X 100 ; 
lalp = x717- = —17.8° (in 90% ethanol) 


. 0.60° X 100 core wir 
lalp = = = ; = +41.7° (equilibrium in H,O and 8% ethanol) 
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ANEMIA FROM LYSINE DEFICIENCY IN 
DEAMINIZED CASEIN* 


By ALBERT G. HOGAN, EUGENE L. POWELL, anp 
RALPH E. GUERRANT 


(From the Department of Agricultural Chemistry, University of Missouri, 
Columbia) 


(Received for publication, August 9, 1940) 


It was reported in earlier papers (1, 2) that if rats receive de- 
aminized casein as the only source of protein they survive for only 
a few weeks. When this protein component was reinforced with 
a mixture of gelatin and gliadin, the animals failed togrow, became 
anemic, and died. Practically the same result was obtained when 
either wheat gluten, corn gluten, or a laboratory preparation of 
lactalbumin was substituted for the gelatin-gliadin mixture. If 
casein, however, was included in the ration with deaminized 
casein, the rats grew rapidly and did not become anemic. This 
ration also cured animals in which anemia had already developed. 
Subsequently (3) it was shown that a casein hydrolysate is also 
effective, as is likewise the copper salt fraction of the hydrolysate 
which is soluble in water but insoluble in methyl alcohol. These 
later observations indicated that the anemia is partly due to the 
presence of a toxic agent in deaminized casein, and partly due to 
a deficiency of one or more amino acids. However, all attempts to 
identify the active agents by feeding pure amino acids, singly or 
in combination, failed. The suggestion was made that when 
deaminized casein is included in the ration some amino acid may 
be required in unusually large quantities, possibly to detoxicate 
the anemia-producing agent. Our more recent studies, with 
larger amounts of amino acids, are described in this report. 


EXPERIMENTAL 


If normal animals are placed on the deaminized casein rations, 
they do not become anemic until several weeks have elapsed, 


* Contribution from the Department of Agricultural Chemistry, Mis- 
souri Agricultural Experiment Station, Journal Series, No. 689. 
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and so the experimental periods could be greatly shortened by 
beginning with rats which are already anemic. This was ac- 
complished by rearing the experimental animals on a milk ration 
by the method of Elvehjem and Kemmerer (4). By this procedure 
the effectiveness of a substance as an antianemic agent can be 
determined very quickly. The rations used in these studies are 
described in Table I. 

Deaminized Casein-W heat Gluten Ration—It was deemed neces- 
sary in earlier studies to combine deaminized casein with some 





























TABLE I 
Composition of Rations 
Ration No 
Constituent 
| 3577 4033 4721* | 4722 | 4723° 

Deaminized casein.................| 10 2 | 20 20 | 
Ee ee | 20 =O 
abi cnn dike h nanan cies sas | | 4 
ee a bmatas sa | 20 
SE eee : 46.5 | 56.5 | 55.5 | 51.5 | 55.5 
Milk fat..... 12.5 | 12.5 12.5 | 12.5 12.5 
Salts (5)...... | 4.0 | 4.0 4.0 | 4.0 | 4.0 
Agar......... ae 2.0) 2.0) 2.0/-20] 2.0 
Cod liver oil................. 20! 20] 20) 20] 2.0 
Water extract of yeast.............| 2.0 | 2.0 | 
ES OES empress 1.0; 1.0) 
Alcohol extract of dried beef liver, | | 

I pita ods sinsidtvos er oni | | 4.0) 4.0] 4.0 





* In addition 200 y of thiamine, 400 y of riboflavin, and 300 y of vitamin 
Bg per 100 gm. of food were included. 
t Calculated as the free base. 


other protein that was suitable for the purpose, and wheat gluten 
was among the most useful of these. Ration 3577 contains this 
constituent. As was mentioned previously, anemia produced by 
deaminized casein is cured by a casein hydrolysate, and by that 
copper salt fraction which is soluble in water and insoluble in 
methyl alcohol. According to Caldwell and Rose (8) this fraction 
contains the essential amino acids arginine, histidine, and lysine, 
and in addition alanine, glutamic acid, hydroxyglutamic acid, 
glycine, serine, and tyrosine. It was decided to add the essential 
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amino acids of this group to the diet, in various combinations, and 
methionine was included also because an earlier trial had indicated 


that it might improve the rate of growth. 


It will be observed in Fig. 1 that each of the combinations im- 
proved the basal diet very materially. The animals made some 
gains in weight, they recovered from the anemia, and though 





NUMBERS ABOVE GRAPHS ARE BODY WEIGHTS IN GRAMS 
x INDICATES DEATH OF ONE ANIMAL 


RATION CONTAINS 10% DEAMINIZED CASEIN + 20% WHEAT GL 


NUMBERS IN CIRCLES ARE RED BLOOD CELLS IN MILLIONS PER CU. MM. 
NUMBER OF ANIMALS ON EACH RATION IS INDICATED IN PARENTHESES 


* INDICATES WHEN RATION WAS CHANGED OR SUPPLEMENT ADDED 
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Fia. 1. The mixtures of amino acids did not cure anemia due to de- 


aminized casein any more promptly than did lysine alone. 


The amino 


acids were offered separately from the rest of the food. The weights given 
in the graph are the daily allowances of the free amino acids though the 
hexone bases were supplied as hydrochlorides. They were mixed with 
enough sodium bicarbonate to neutralize the hydrochloric acid, and with 
a small amount of Ration 3577 to insure prompt and complete consumption. 
After this portion was consumed, the basal diet was supplied ad libitum, 


there are minor variations it is apparent that all of the mixtures 
are about equally effective. Since the only amino acid which 
appears in all groups is lysine, it is concluded that it alone was 
responsible for the improvement. The next step was the addition 
of lysine alone to the basal diet. This amino acid alone is as 
effective as any of the combinations tried, 130 mg. daily peranimal 


being slightly more effective than 65 mg. 
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Deaminized Casein As Only Protein—For the next group of 
experiments the ration was further simplified by omitting all 
protein except 20 per cent of the deaminized casein itself. Both 
the weights and the red blood cell counts of the control animals, 
on Ration 4033, declined rapidly and the animals all succumbed, 
as shown in Fig. 2. Apparently both declines were due to a 
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Fig. 2. The response to the control ration, No. 4033, is shown in the 
upper right-hand corner. The animals declined in weight and the anemia 
became more extreme. The rations of the other animals differed from 
Ration 4033 by containing lysine, which displaced an equal weight of starch. 
The animals which received lysine recovered from anemia. When the vit- 
amin carriers were fortified with thiamine and riboflavin, they also made 


considerable gains in weight. 


deficiency of lysine. When the ration contained 2 per cent of d- 
lysine, the rats recovered slowly; when it contained 4 per cent 
they recovered rapidly. There was a short period when d-lysine 
was not available, and dl-lysine was substituted for it. The rats 
which received 4 and 8 per cent of the racemic mixture recovered 
as rapidly as the rats which received 4 per cent of d-lysine. The 
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response of the one rat on 4 per cent of the mixture suggests that 
l-lysine may be effective in detoxicating deaminized casein, but 
additional data are required to decide that point. 

It seemed surprising that rats would recover promptly from 
anemia and still fail to gain consistently in weight, and this ob- 
servation suggested that the vitamin carriers may have deteri- 
orated. In an attempt to improve the vitamin supply 2 per cent 
of milk fat was replaced by wheat germ oil and 400 y of thiamine 
and 200 y of riboflavin per 100 gm. of food were added to the 
ration. When the new vitamin mixture was supplied to male 
rats, on a diet that contained 18 per cent of casein as the only 
source of protein, they made an average gain of 25 gm. per week 
over a 6 week period. The results obtained when this vitamin 
mixture was incorporated in a deaminized casein-lysine ration 
are shown at the right of Fig. 2. Though there was marked im- 
provement in the rate of growth, it was still subnormal. 

The lysine was purchased from reliable manufacturers, but we 
assured ourselves that it was sufficiently pure for our purposes by 
determining some of the more important constants. 

Comparison of Casein and Deaminized Casein plus Lysine—None 
of the rations that contained deaminized casein supported the 
optimum rate of growth, and this suggested that some essential 
amino acid, other than lysine, had been partly destroyed. No 
attempt was made to estimate the biological value of deaminized 
casein, but in an attempt to determine whether or not it is grossly 
deficient in any of the essential amino acids, it was compared, 
roughly, with casein. 

The comparison was between Ration 4722, which contained 
deaminized casein and lysine, and Ration 4723, which contained 
casein. All rats were anemic at the beginning of the experimental 
period. Two of them received Ration 4722 ad libitum, but their 
food consumption was determined each day. Two others received 
Ration 4723, weighed out daily, but the amount was restricted 
to the quantity that had been consumed by the two on Ration 
4722. The rates of recovery from anemia, and the gains in weight, 
are shown graphically in Fig. 3. The rats on the casein diet re- 
covered from anemia more rapidly than did those that received 
the deaminized casein plus lysine, but the growth rates for the two 
groups were almost exactly the same. These data indicate that, 
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except in lysine, deaminized casein is not grossly deficient in any 
essential amino acid, and the slower growth rate is explained by a 
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Fic. 3. The response to the control ration, No. 4721, is shown in the up- 
per left-hand corner. The animals shown at the lower left, on Ration 4722, 
and at the upper right, on Ration 4723, consumed the same amount of food 
and made approximately the same gains in weight. The rats on the casein 
diet recovered normal red blood cell counts the more rapidly. It is shown 
at the lower right that an increased food consumption did not greatly ac- 
celerate the recovery from anemia. The data indicate that the deaminized 
casein-lysine mixture and casein have approximately the same biological 





value. 
; TABLE II 
i Gains in Weight and Food Consumption 
i at Data by weekly periods 
Ration No. Rw a. 8 Observations recorded eee 
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2M.,2F. Gainin weight —13 —3 


4721, ad libitum 
Food consumed 17 18 


| gm. | gm. | gm. | gm. | gm. 
| 
' 


Ce tm oe Gain in weight | 23 11) 19 | 12| 10 

Food consumed 41 42 43 46 | 46 

4722, limited 5 > _ Gain in weight | 22 16 4, 21/14 

| Food consumed 41, 42 43 | 46 | 46 
4723, ad libitum | 2 “ | Gain in weight 14, 47 32 | 37 | 27 


| Food consumed 40 63 80 | 92 | 82 





lowered food intake. It would be difficult to decide whether the 
; reduced food consumption is due to the toxicity of deaminized 
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casein, or whether this protein is merely unpalatable. As shown 
in Fig. 3 four rats received Ration 4723 ad libitum, and their food 
intake was much higher than that of those which received the 
deaminized casein-lysine ration. 

As a control, four rats were given Ration 4721, which contains 
deaminized casein but no lysine. They lost weight rapidly and 
none survived longer than 17 days. The average weekly gain in 
weight and food consumption of the four groups is shown in 
Table II. 


DISCUSSION 


The many earlier failures to cure anemia produced by de- 
aminized casein with lysine must have been due to the fact that 
the amino acid was not given in sufficient quantity. Steudel 
(9) supplied only 20 mg. of lysine per rat per day. Hogan and 
Ritchie (1) used 25 mg. in most of their trials, although they 
reported one failure with 52 mg. of lysine per day. Smith and 
Stohlman (10) fed a mixture of tyrosine, histidine, and lysine at 
levels intended to be equivalent to 18 per cent of casein. At 
that time casein was thought to contain only about 4 per cent of 
lysine, so their ration must have contained less than 0.75 per cent 
of lysine. The results with gelatin are in accord with this. 10 
per cent of gelatin, supplying 0.59 per cent lysine (11) to the ration, 
had failed. Our more recent results with gelatin are not de- 
scribed in detail, but it was observed that 20 per cent, supplying 
1.18 per cent of lysine, permits recovery. According to Rose (12) 
the ration should contain 1 per cent of lysine in order for the rats 
to grow at a satisfactory rate. Our results indicate that if both 
growth and recovery are to occur on a deaminized casein ration 
over twice this much lysine must be supplied. 

As to the cause of this high lysine requirement one can only 
speculate. Since deaminized casein presumably contains a toxic 
agent, a detoxication by the amino acid lysine would seem plausi- 
ble. However, an attempt to isolate lysine from urine collected 
while the rats were being supplied with this amino acid ended in 
failure. Lysine could not be isolated even after strong acid 
hydrolysis. 

Muller (13) has demonstrated a marked reticulocyte response 
in pigeons injected with lysine. From studies of the bone marrow 
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he concludes that this response is due to ‘“‘stimulation and prolifera- 
tion of red blood cells and an extension of blood-forming tissue.” 
It may well be that the large amount of lysine enables the blood- 
forming organs to keep pace with destruction by the toxin and 
thus overcomes the anemia. 

Hemoglobin is known to contain lysine (14); hence a lysine 
deficiency would prevent its synthesis. Also, the heme group 
itself must be synthesized, presumably from amino acids, and 
lysine may be a precursor. 

Some comments on the earlier data concerning the antianemic 
activity of various proteins are suggested now that lysine is known 
to be the antianemic agent. Since autoclaving destroys this sub- 
stance (2), it must also partly destroy lysine. The failure of 
many of the lactalbumin preparations (2) must have been due to 
thermal damage to lysine. This explanation finds added support 
in the observations of Greaves, Morgan, and Loveen (15) and of 
Waisman and Elvehjem (16). The lack of activity in corn and 
wheat gluten (3) is explained by their low lysine content. Gelatin 
failed (1) because it was supplied at too low a level. 

These observations should serve to emphasize again the im- 
portance of suitable dietary protein in relation to recovery from 
anemia. The rdéle of lysine in erythropoiesis may prove to be 
of importance. 

SUMMARY 


1. Lysine is the antianemic agent in the deaminized casein- 


anemia syndrome. 
2. The biological method indicates that deaminized casein 


is not seriously deficient in any essential amino acid other than 
lysine. 

3. If deaminized casein is the only protein in the diet and 
other conditions are optimal, the lysine requirement is increased 
two to four times the normal. 

4. An interpretation of earlier data is attempted and applica- 
tions of these observations are suggested. 
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The present paper offers evidence that from 40 to 70 per cent 
of the nitrogen in preparations of cephalin can be identified in an 
amino acid, which is probably serine. This evidence is at variance 
with the accepted belief that all the nitrogen is in the form of 
ethanolamine. 

Early authors disagreed concerning the nature of the nitrogenous 
constituent. Thudichum (1) and Cousin (2) thought it was 
choline, while Koch (3) and Fraenkel and Neubauer (4) failed to 
find any choline in their preparations. Parnas (5), Baumann 
(6), and Renall (7), however, ascribed all of the cephalin nitrogen 
to ethanolamine, and this view has attained general acceptance 
(8). Only McArthur (9) claimed that an amino acid was present 
in the cephalin molecule. To demonstrate the presence of an 
amino acid among the products of acid hydrolysis of cephalin, 
McArthur used the method of Kober and Sugiura (10) which is 
based on the solubilizing action of amino acids on Cu from 
Cu(OH)s. The method lacks specificity and no other evidence 
of the presence of an amino acid was offered. Probably for 
these reasons McArthur’s work seems to have received little 
attention. 

In the course of work on blood plasma lipids (11) the writers 
were brought to reconsider the nature of the nitrogenous con- 
stituent of cephalin. Material was prepared that agreed in prop- 
erties and composition with the accepted criteria for cephalin. 
This material, without hydrolysis, was analyzed for a-amino acids 
by the ninhydrin-CO,' method of Van Slyke and Dillon (13) as 
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modified by Van Slyke, Dillon, and MacFadyen (14). It was 
found in four differen€ preparations of cephalin that from 40 to 
70 per cent of the nitrogen present reacted with ninhydrin to 
evolve CO, in the manner characteristic of a-amino acids. 
Ethanolamine and oleic acid were found not to evolve CO, when 
treated with ninhydrin under the conditions of the determination. 
After acid hydrolysis of cephalin 97 per cent of the amino acid, 
determinable by the ninhydrin-CO, reaction in the intact cephalin, 
could be determined by the same reaction in the water-soluble 
products of hydrolysis. 

Further evidence of the amino acid nature of the substance 
was shown by the fact that the reaction with ninhydrin was ac- 
companied by liberation, with the CO., of an equimolar amount 
of NHs3, under conditions devised by MacFadyen (15) for quan- 
titative determination of the NH; evolved from amino acids by 
this reaction. ‘The liberation of both CO, and NH; by the re- 
action with ninhydrin appears to be characteristic of a-amino 
acids; so far as is known to the authors no other class of substances 
yields equimolar amounts of NH; and CO, under the conditions 
employed. 

That the amino acid is a hydroxyamino acid was made probable 
by its reaction with periodate, which was introduced into amino 
acid chemistry by Nicolet and Shinn (16). When treated with 
alkaline periodate, the amino acid from cephalin yielded a mole- 
cule of ammonia, which is a reaction of amino acids that possess 
NH; and OH groups on adjacent carbon atoms (16, 17). 

That the hydroxyamino acid is probably serine was shown by 
isolating glycolic aldehyde from the products of the reaction with 
ninhydrin, which has been shown without apparent exception to 
change the R-CH(NH,)-COOH of a-amino acids to R-CHO 
(18). From such a reaction only serine could yield glycolic 
aldehyde. The aldehyde was isolated as the dimedon compound 
in yield and properties identical with that obtained in control 
experiments from serine. 

Confirmatory evidence was obtained by identifying glycolic al- 
dehyde as a reaction product of the amino acid with chloramine-T, 
which Dakin (19) has shown to yield, like ninhydrin, the aldehyde 
with 1 less carbon atom each from glutamic acid, leucine, alanine, 
and glycine. The glycolic aldehyde from our product was isolated 
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as the phenylosazone, which was obtained in low yield, but analyti- 
cally pure. No osazone was obtained from ethanolamine by the 
same procedure. 

It appears that the hydroxyamino acid in cephalin is attached 
to the rest of the phosphatide molecule by ester linkage through 
the hydroxyl group, because reactions of the intact cephalin with 
nitrous acid and with ninhydrin show that the NHe group and 
the COOH group of the amino acid are both free. 

That the amino acid of thecephalin isnot an adsorbed impurity, 
but is an integral part of the lipid, may be concluded from the 
large amount of the amino acid found in the cephalin prepara- 
tions, and from the fact that in purification the cephalin was 
flocculated from dilute water suspensions, in a manner which 
presumably separated it from water-soluble impurities. 

Concerning the presence of both ethanolamine and serine in 
cephalin, two explanations seem possible. There may be two 
“cephalins” preformed in the brain; or the ethanolamine-con- 
taining cephalin may be an artifact, originating post mortem by 
decarboxylation of the serine constituent. 

Isolation of the amino acid in pure form has not yet been ac- 
complished; hence its identity as serine is presented as probable 
but not final. The results are presented at this stage because the 
work must be temporarily interrupted. 


EXPERIMENTAL 


Analytical Methods—Unless otherwise stated, manometric 
micromethods were used for C (20), P (21), N (22-24), and NH, 
(24, 25) estimations. Cephalin amino nitrogen was estimated 
by the manometric nitrous acid method as applied to lipids (24). 


Preparation of Cephalin—Cephalin was prepared by the technique de- 
scribed below, which is a combination of the methods used by Parnas (5), 
Fraenkel and Neubauer (4), and Levene and Rolf (26). 

10 pounds of fresh ox brains were hashed in a meat grinder and thrown 
into 10 liters of acetone and let stand overnight to extract non-phosphatide 
lipids. The next morning the acetone was filtered off and discarded. The 
procedure was repeated a number of times with use in succession of acetone 
twice (10 liters each time) and absolute ethyl alcohol once (7 liters). The 
solid residue was then extracted with petroleum ether twice (7 liters each 
time) to dissolve the cephalin. The two petroleum ether extracts were 
combined and concentrated in a vacuum to a volume of 800 cc. To the 
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concentrated extract were then added 4 liters of absolute ethyl alcohol. 
A precipitate of crude cephalin appeared which was collected by centri- 
fuging, and was then redissolved in 1 liter of ethyl ether. A little water 
had to be added to the ether to obtain a clear solution. The ether extract 
was let stand overnight in the ice box. A precipitate appeared which was 
removed by centrifuging. The clear supernatant solution was added to 
4 liters of absolute ethyl alcohol. A precipitate of crude cephalin was 
again formed. It was centrifuged and washed once with alcohol. The 
supernatant was discarded. 

To remove water-soluble impurities, the crude cephalin was emulsified 
by rubbing with a small volume of water and then diluting gradually to 6 
liters, and was then flocculated out by adding 750 ec. of Nn HCl. The pre- 
cipitate was collected by centrifuging, washed with 0.1 n HCl, and then 
with acetone. The precipitate, dried at room temperature to constant 
weight in a vacuum, was 46 gm. It was analyzed with the following results: 
C 63.0 per cent, total N 1.59 per cent, amino N (with nitrous acid) 1.39 per 
cent, P 3.45 per cent, N:P atomic ratio 1.02, NH, to total N ratio 0.871. 

As the NH;:N ratio lower than 1 showed the presence of a phospholipid 
other than cephalin in our preparation, purification was carried further. 
17 gm. were dissolved in 140 cc. of ethyl ether and the solution let stand 
overnight at —6°; the precipitate that had formed was centrifuged and the 
clear supernatant poured into 5 volumes of acetone. A yellowish sticky 
precipitate appeared which became granular on standing overnight in the 
ice box and then was centrifuged and washed with acetone. After being 
dried in a vacuum, the material weighed 8.5 gm. It had a pronounced cod 
liver oil odor. On analysis, the following results were obtained: C 61.4 
per cent, N 1.56 per cent, P 3.90 per cent, NH»-N 1.58 per cent, N:P atomic 
ratio 0.816, NH, to total N ratio 1.015. 

6 gm. of this material were further purified. It was dissolved in 75 cc. 
of petroleum ether and the solution let stand for 72 hours at —6°. A slight 
precipitate formed which was centrifuged and discarded. The clear super- 
natant was poured into 5 volumes of acetone. 5.1 gm. of a yellowish mate- 
rial were obtained. A cod liver oil odor was still pronounced. This 
preparation was labeled A-3 and analyzed, with the following results: 
C 60.0 per cent, N 1.605 per cent, P 3.89 per cent, NH»-N 1.605 per cent, 
N:P atomic ratio 0.916, NH, to total N ratio 1.00. 

A second preparation, labeled C, was made from another batch of fresh 
brains according to the same steps used for Preparation A-3. 


Two samples of calcium-cephalin were prepared according to 
the method of Wadsworth, Maltaner, and Maltaner (27). One, 
labeled Preparation Ca-A, was prepared starting from Prepara- 
tion A-3; a second one, labeled Preparation Ca-B, was prepared 
starting from fresh brain tissue. 

Reaction of Cephalin with Ninhydrin—To estimate amino acid 
in cephalin, samples of about 10 mg. were weighed and introduced 
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into tubes for carboxyl estimation. 1 cc. of water was added to 
each tube. From then on the ninhydrin method of Van Slyke 
and Dillon (13), as applied to small amounts of material by Van 
Slyke, Dillon, and MacFadyen (14), was followed. Blanks were 
run to determine CO, evolved (a) by boiling the cephalin with 
acid citrate alone, and (b) by boiling ninhydrin. The percentages 
of amino acid carboxyl carbon in cephalin determined by the 
ninhydrin-CO, method are multiplied by 14/12 to give values 
for a-amino acid nitrogen. The results are given in Table I. 
Reaction of cephalin with ninhydrin was completed by im- 
mersing the tubes in boiling water for 6 minutes, the same length 
of time required by a-amino acids. For Preparation A-3 the 
results obtained, given as content of amino acid nitrogen in the 


TaBLe | 
Presence of a-Amino Acid in Ox Brain Cephalin 





a-Amino acid nitrogen 











Preparation Total N ‘stieneiaaa 
Ratio to total N 
per cent per cent 
A-3 1.605 | 0.965 0.601 
C | 1.58 | 0.654 0.414 
Ca-A 1.60 | 1.092 0.682 
Ca-B 1.59 0.757 0.476 





cephalin, were as follows: 6 minutes, 0.965 per cent; 24 minutes, 
0.962 per cent; 36 minutes, 0.966 per cent. 

The amino acid content of cephalin was not affected by precipita- 
tion from aqueous solution; in the case of Preparation C, the 
amino acid content was estimated before and after flocculating 
the cephalin out of its emulsion in water, by addition of HCl. 
The amino acid nitrogen determined by the ninhydrin-CO, 
method before and after flocculation was respectively 0.640 and 
0.665 per cent of cephalin, the difference not being significant. 

Oleic acid and ethanolamine were tested to ascertain whether 
they formed CO, under the conditions of the Van Slyke-Dillon- 
MacFadyen (14) reaction with ninhydrin. 100 mg. of oleic 
acid (10 times the amount of cephalin used) did not give any 
increase above the blank value. Ethanolamine reacted to a sig- 
nificant extent only when the reaction time was increased to 4 





ee 


poe =e 





| 
| 
| 
| 








56 Amino Acid in Ox Brain Cephalin 


hours, in which time it yielded 0.01 mole of CO,. It appears 
that neither oleic acid nor ethanolamine interferes measurably 
with the determination of a-amino acids by ninhydrin under the 
conditions used in our analyses. 


Measurement of NH; Accompanying CO, Released by Action of 
Ninhydrin on Cephalin 


The NH; produced in the ninhydrin reaction with amino acids 
under ordinary conditions combines with the unchanged ninhydrin 
and the hydrindantin formed during the reaction. In order to 
prevent this combination and permit measurement of the NHs, 
8-alanine was used according to the method of MacFadyen (15). 


1 ec. of H,O, 50 mg. of citrate buffer, 70 mg. of 8-alanine, 0.8 cc. of 1 N 
H,S0,, and 35.10 mg. of intact cephalin (Preparation A-3) were placed in 
one of the tubes used for the ninhydrin reaction. In two similar tubes, 
for controls, the same reagents were placed, except that in one the nin- 
hydrin, and, in the other, the cephalin was omitted. After evacuation at 
the pump the tubes were placed in the boiling water bath for the usual 6 
minutes and the carboxyl carbon measured as CO, as usual. It was found 
that the ninhydrin had liberated 24.2 micromoles of CO, from 35.10 mg. of 
cephalin containing 39.9 y atoms of N. The contents of the tubes were 
then washed into 50 cc. centrifuge tubes and H,S bubbled through for 20 
minutes to precipitate unchanged ninhydrin as hydrindantin. Air was 
passed through for 30 minutes to remove H,S. The precipitate was re- 
moved and washed by centrifuging. Filtrate and washings were combined 
and made up toa volume of l5cc. Aliquots were taken for ammonia analy- 
sis by aeration (27, 28) after 10 cc. of saturated K,CO; solution were added. 
The ammonia was caught in 0.1 n H,SO, and determined manometrically 
with hypobromite (22, 23). 


After correction for the ammonia yielded by the blanks it was 
found that the ninhydrin-cephalin reaction had liberated 0.96 
mole of NH; per mole of carboxyl CO:. In a second experiment 
similarly conducted a ratio of 0.92 was obtained. 


Distribution of Cephalin Nitrogen in Products of Acid Hydrolysis 


242.5 mg. of cephalin Preparation A-3 were hydrolyzed by boiling under 
a reflux with 15 cc. of 4 n HCl for 6 hours. Fats were removed by three 
successive extractions with chloroform. The combined chloroform ex- 
tracts were washed once with dilute HC] and the washing was added to the 
original extracted aqueous solution. The chloroform solution was made 
up to 25 cc. and labeled “‘chloroform-soluble fraction.’’ The aqueous 
fraction was taken to dryness in a vacuum and the dry residue taken up in 
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25 cc. of water and labeled “water-soluble fraction.’’ In both cases 1 cc. 
of solution corresponded to 9.7 mg. of parent cephalin. 5 cc. aliquots of 
“chloroform-soluble fraction’ were taken for total N. On the “water- 
soluble fraction” the following determinations were performed: on 1 ce. 
aliquots amino acid N, on 2 ce. aliquots total N, on 4 ce. aliquots ammonia 
N. The samples from which ammonia had been removed by aeration were 
carefully acidified with HCl and transferred to 30 cc. volumetric flasks 
quantitatively. 5 cc. aliquots of these solutions were used for amino N 
estimations by the nitrous acid method (23). The results are given in 
Table II. 


From these results it can be seen that of 0.965 gm. of amino 
acid N determinable by the ninhydrin-CO, reaction in 100 gm. of 


TaBLe II 
Distribution of Cephalin N Following Hydrolysis by Refluzing 
with 4 w HCl for 6 Hours 














Nitrogen 
Fraction As 
As tage percentage 
cophalia cephalin N 
Chloroform-soluble fraction.................... 0.134 8.45 
Water-Wetele TAGtbOM. ..o.0oc cc ccc cs cccccccccces 1.445 91.10 
PRE, « sc ecidesc. ucstastuwcs ee TeKe eee 0.108 6.81 
Total NH;-N (by HNOQ,)..................... 1.308 82.50 
Amino acid HN;-N (by ninhydrin-CO, reac- 

Ee ccc ccnx vents kdsncceiiil: Meaksadtlien 0.932 58.80 
Unidentified NH;-N*.................0-.0008- 0.376 23.70 








* This nitrogen was probably ethanolamine, which has been identified 
by other observers. 


parent cephalin, 0.932 gm., or 97 per cent, was determinable by 
the same reaction in the water-soluble fraction of the acid hy- 
drolysate. 


Identification of Aldehyde Resulting from Action of Ninhydrin on 
Cephalin Hydrolysate 


259.7 mg. of cephalin (Preparation A-3), containing 0.965 per 
cent of a-amino acid N (by the ninhydrin-CO, method), were hy- 
drolyzed by refluxing for 6 hours with 15 cc. of 4N HCl. Fats 
were extracted with chloroform and the water-soluble fraction 
was taken to dryness in a vacuum. This material was then 
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taken up in 4 cc. of H,O, transferred to a test-tube, and buffered 
to pH 2.5 with citrate buffer (50 mg.). 70 mg. of ninhydrin were 
added and the test-tube immersed in a boiling water bath for 6 
minutes. Upon cooling, insoluble material was filtered off and to 
the deep purple solution were added 100 mg. of dimedon in 5 ce. 
of alcohol. Water was added to make a total volume of 30 cc. 
The solution was made slightly alkaline with dilute NaOH and 
then acidified with acetic acid. The test-tube was then placed 
in the refrigerator for 2 days at which time 24 mg. of the white 
crystalline dimedon were filtered off. Further standing yielded 
only a few more crystals. 

Upon recrystallization from dilute alcohol the derivative melted 
at 226°. According to Vorlinder (29) the dimedon compound of 
glycolic aldehyde melts at 227°. Carbon was estimated in this 
material by the wet combustion method of Van Slyke and Folch 
(20), C 70.80, 70.83 per cent. The theory for Cy;sHO, is 71.1 
per cent carbon. From the amount of serine indicated by amino 
acid N determination on the cephalin used the theoretical yield 
of dimedon derivative of glycolic aldehyde was 54.3 mg. The 
actual yield of 24 mg. was therefore 45 per cent of theory. 

20 mg. of di-serine, when dissolved in 4 cc. of water and treated 
as above, yielded 28 mg. of the dimedon derivative of glycolic 
aldehyde, melting point 226°. The yield was 50 per cent of theory. 
When mixed with the dimedon compound from the amino acid 
of cephalin there was no depression of the melting point. 


Identification of Aldehyde Resulting from Action of Chloramine-T 
on Amino Acid of Cephalin According to Dakin (19) after 
Hydrolysis Products Other Than Amino Acid Had Been 
Removed As Completely As Possible 


A water-soluble hydrolysate from approximately 5.5 gm. of 
cephalin (cephalin C) was used. The hydrolysate was freed of 
NH; by aeration after being made alkaline with Ba(OH):. 
Ethanolamine was removed by butyl alcohol extraction of the 
same alkaline solution. Barium was then removed with CO: 
and glycerophosphoric acid was precipitated with lead acetate. 
Excess lead was removed with HS, and H.Sby boiling. The amino 
acid in the solution was then precipitated by adding mercuric 
acetate and sodium carbonate until no more white precipitate 
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appeared. Alcohol was added to 25 per cent by volume and the 
solution allowed to stand overnight. The precipitate was filtered 
off through a pad of charcoal and the mercury was removed from 
the precipitate by suspending in water and treating with H,S. 
The filtrate was concentrated in a vacuum to 25 ce. The nin- 
hydrin-CO, analysis indicated that the solution contained a con- 
centration of a-amino acid which corresponded to 10 mg. of serine 
per ec. 

5 ec. of this solution were made slightly alkaline with dilute 
NaOH and 134 mg. of chloramine-T in 5 ec. of water were added 
(1 mole of chloramine-T per mole of amino acid). The solution 
was allowed to remain at room temperature overnight and was then 
acidified with acetic acid. 400 mg. of phenylhydrazine hydro- 
chloride and 600 mg. of sodium acetate in 5 ec. of water were 
added plus a few drops of a saturated solution of sodium bisulfite. 
Upon heating in the water bath for half an hour, the yellow osazone 
of glyoxal appeared and was filtered off. It melted at 156° but 
upon recrystallization several times from dilute alcohol containing 
sodium acetate the melting point rose to 167°. Carbon was 
estimated by the manometric wet combustion method (20), 
C 70.25, 70.26 per cent. The theory for CyHuN, is 70.45 per 
cent carbon. Glyoxal phenylosazone was prepared under identical 
conditions from 50 mg. of dl-serine and was found to melt at 167°. 
When mixed with the derivative from the amino acid of cephalin, 
there was no depression of the melting point. The same procedure 
was applied to 46.5 mg. of ethanolamine-chloride in 5 ec. of water. 
No osazone was formed. 


Reaction of Amino Acid of Cephalin with Periodate 


261.7 mg. of cephalin Preparation A-3 were hydrolyzed by 
refluxing for 6 hours with 15 cc. of 4N HCl. Fats were removed 
by extraction with CHCl; and the water-soluble hydrolysate taken 
to dryness in vacuo. It was then taken up in water and made up 
to a volume of 25 ec. Analysis showed that this solution con- 
tained, per cc., 151 y of total nitrogen, 87.5 y of carboxyl nitrogen, 
28.5 y of ammonia nitrogen, and 35 y of unidentified amino nitro- 
gen (determined by the nitrous acid reaction (25)), which was 
presumably ethanolamine nitrogen. According to the method 
of Van Slyke, Hiller, MacFadyen, Hastings, and Klemperer 
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(17), a 2 ce. aliquot of the hydrolysate was placed in a large test- 
tube and to it were added 1 cc. of 0.2 m periodic acid, 50 mg. of 
glycine (to prevent the NH; from combining with the aldehyde 
simultaneously formed), and water to make a total volume of 
6 cc. Then 1 ce. of 2 N NaOH was added and finally 10 ce. of 
saturated K,CO; solution. Blanks without the hydrolysate and 
without the periodate were similarly prepared. The solutions 
were aerated for 45 minutes and the ammonia trapped in 0.1 N 
H.SO,. Ammonia was determined gasometrically (23). After 
correction for the blanks and preformed ammonia, it was found 
that periodate had liberated 219 y of ammonia nitrogen. 
MacFadyen? has shown that under the above conditions ethanol- 
amine will yield 85 per cent of its nitrogen as ammonia. Assuming 
that the unidentified NH: nitrogen was in ethanolamine, it was 
estimated that 70 X 0.85 = 59.5 y of ammonia nitrogen were 
formed from ethanolamine, and 219 — 59.5 = 159.5 y from the 
amino acid. Compared with the carboxyl nitrogen of the sample 
as determined by ninhydrin analysis, 175 y, this calculation in- 
dicates that 91 per cent of the amino acid nitrogen was liberated 
as ammonia by periodate. Repetition of the experiment yielded 
90 per cent of the amino acid nitrogen as ammonia. 


SUMMARY 


1. Cephalin prepared from ox brain has been found to contain 
from 40 to 70 per cent of its nitrogen as an a-amino acid. Intact 
cephalin reacts with ninhydrin like a-amino acids, releasing for 
each mole of CO, produced 1 mole of NH;3. After acid hydrolysis 
of cephalin, all the amino acid is determinable by the same reac- 
tion in the water-soluble part of the hydrolysate. 

2. The amino acid has the reactions of a hydroxyamino acid. 
It has not been isolated, but is tentatively identified as serine 
by the following reactions of the water-soluble hydrolysate. (a) 
Treatment with ninhydrin under the conditions of the ninhydrin- 
CO, determination has yielded glycolic aldehyde, which was 
isolated and analyzed as the dimedon derivative, in the same 
yields given by control experiments with serine. (b) Treatment 
with chloramine-T under Dakin’s conditions also yielded glycolic 


* MacFadyen, D. A., unpublished data. 
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aldehyde, which was isolated as the phenylosazone. (c) Treat- 
ment with alkaline periodate yielded ammonia. After correction 
for ammonia from the unidentified nitrogen fraction, the remaining 
ammonia was approximately 1 mole per mole of the amino acid 
determinable by the ninhydrin-COQ, reaction. 

3. The hydroxyamino acid is apparently attached to the 
cephalin molecule by an ester linkage with the hydroxyl, since 
both the NH: and the COOH groups have been found to be free 
in the intact cephalin. 


The writers are glad to acknowledge their indebtedness to Donald 
D. Van Slyke and Douglas A. MacFadyen for advice and for the 
use of unpublished methods. 
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The possible conversion of fatty acids into carbohydrates by 
mammalian tissues continues to be a controversial subject. Be- 
cause carbohydrates are convertible into fats, and fats, in certain 
forms of plant life, are unquestionably converted into carbo- 
hydrates, the non-reversibility of this reaction in animal tissues 
is accepted with reluctance. Moreover, this conversion is the 
pivotal reaction in the overproduction hypothesis of diabetes 
mellitus according to which the main effect of insulin is the inhibi- 
tion in the liver of the reaction, fatty acids + oxygen = carbo- 
hydrates. 

Evidence concerning the possible intermediary pathways of 
fatty acids to carbohydrates is meager. The 2-, 4-, or 6-carbon 
oxidation products of fatty acids enumerated in Table I are 
conceivable precursors of carbohydrate. The evidence in the 
literature indicates that all but butyric acid, ketol, succinic acid, 
and acetoacetic acid can be eliminated from consideration. The 
first three have never been shown to be intermediaries in hepatic 
fatty acid catabolism. Acetoacetic acid has been shown definitely 
not to be a precursor of carbohydrate when perfused through the 
liver. Therefore since it is generally accepted that the liver is 
the sole site of new carbohydrate formation, the evidence for a 
possible pathway of fatty acid to carbohydrate is essentially nil. 


* Aided by grants from the Rockefeller Foundation and the American 
Philosophical Society. 
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Possible Oxidation Products of Fatty Acids in Live: 
As to Their Conversion into Carbohydrate 





TABLE | 
and Evidence in Liver 


Authority 





Substance | 
2-Carbon compounds | 
Ethy] alcohol 





Acetaldehyde 


Acetic acid 


Ethylene glycol 
Glycol aldehyde 


Glycolic acid 


Glyoxal 


Glyoxylie acid 

Oxalic acid 
4-Carbon compounds 

Butyric acid 


8-Hydroxybutyric 
: acid 
Acetoacetic acid 


Dihydroxybutyric 
acid 
Succinic acid 


| Not glycogenic in phlor- | Deuel 





6-Carbon compounds | 
Adipic acid 


Ketol 





Summary of evidence | 
| 


Not glycogenic in liver | Shapiro (1935) 
when fed 
Not glycogenic when fed | Sansum and Woodyatt 
| (1915); Shapiro (1935) 
and Milhorat 
(1928); Ringer and 
Lusk (1910) 
Not glycogenic in liver | Stoehr (1933) 
except possibly with 
high glucose feeding | 
Not glycogenic when fed | Shapiro (1935) 
Possibly glycogenic; not | Cremer (1915); Green- 
proved wald (1918); Barren- 
scheen (1914); San- 
sum and Woodyatt 
| (1914) 
Not glycogenic when fed | Baer and Blum (1907); 
Greenwald (1918) 


hizinized dog 


- * " per-| Dakin and Dudley 
fused through liver; | (1914) 

toxic 

Toxic Adler (1906-07) 


No information 


Blixenkrone-Meller 
(1938) 


Not proved to be an inter- 
mediate in hepatic me- 
tabolism, but glyco- 
genic in perfused liver 

Not glycogenic in per- | 





fused liver | 
Not glycogenic inliver __ - 
Glycogenic in kidney Weil-Malherbe (1938) 


slices (?) 
Not glycogenic 


oe 


' Abundantly shown by 
many authors 


Glycogenic 


Formed by w oxidation; 


no information on gly- 
cogenic properties 
Not proved to be an inter-- Stoehr and Henze (1932) 
mediate in hepatic me- 
tabolism, but glyco- 
genic when fed | 


64 




















Stadie, Zapp, and Lukens 65 


Synthesis of Carbohydrate from Acetoacetate by Kidney Slices 


Recently Weil-Malherbe (1938) from experiments with rat 
kidney slices equilibrated in vitro with 0.020 m acetoacetate con- 
cluded that it was converted into glucose by this organ. He sug- 
gested that the reaction involved was an oxidative conversion of 
acetoacetate to pyruvate, since the latter is known to be abun- 
dantly converted into carbohydrate by kidney slices (Benoy and 
Elliott, 1937). This reaction would thus be a possible means of 
the conversion of fats to carbohydrate in mammalian tissue. 

In a small series of experiments, Weil-Malherbe determined the 
amount of new formed fermentable substances, presumably carbo- 
hydrate. In five rats the mean excess of such carbohydrate 
formed from acetoacetate over control slices without acetoacetate 
was (by our calculation) 4.0 + 2.1 micromoles of wet tissue per 
gm. per hour. This amount is not only small (compare 50 micro- 
moles in the case of pyruvate (Benoy and Elliott, 1937)), but the 
mean value is hardly significantly different from 0. Moreover, 
no lactic acid determinations were reported; hence lactic acid 
as a possible precursor of the new carbohydrate cannot be excluded. 

Our interest in the subject of fat metabolism in diabetes led us 
to test again the possible formation of fermentable carbohydrate 
from acetoacetate by kidney slices. We report in this paper a 
series of determinations with tissue from normal cats and rats 
and from diabetic cats. 


EXPERIMENTAL 


Diabetic Cats—The cats were depancreatized under nembutal 
anesthesia and were used 48 hours later. Completeness of pan- 
createctomy was checked by autopsy and by the degree of 
glycosuria. 

Preparation of Kidney—The animals were killed under nembutal 
anesthesia and the kidneys quickly removed and dropped into 
cold saline. Slices of cortex of 0.4 + 0.05 mm. thickness were 
prepared with a double razor blade cutter. Averaging 100 mg., 
they were equilibrated with 3.0 cc. of medium in 100 per cent O, 
for 2.0 hours at 38°. Each slice was divided into two parts. 
One-half was immediately killed and the initial value of lactic 
acid or fermentable carbohydrate determined. The other half 
was equilibrated for 2.0 hours and, together with the medium, 
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analyzed. Changes in lactic acid and carbohydrates were cal- 
culated from these analyses. In this way the effect of variations 
in lactic acid and carbohydrate content throughout the kidney 
were minimized. 

Buffered Medium—The buffer used was a phosphate-saline 
solution of the following composition: Na,gHPO, 0.050 m, NaCl 
0.130 m, KCl 0.007 mM, MgCl, 0.005 m, HCI to pH 7.2 plus substrate 
additions where indicated. 

Determination of Total Fermentable Carbohydrate—The method 
used was the Shaffer-Hartmann-Somogyi, adapted for tissue car- 
bohydrates as described by us in a previous paper (Stadie, Lukens, 
and Zapp, 1940). 

Determination of Lactic Acid—Two methods were used. The 
standard procedure was a modified Friedemann, Cotonio, and 
Shaffer (1927) determination, in which colloidal MnO, was the 
oxidizing agent. We also tried the colorimetric procedure of 
Barker (1940) as modified by him (personal communication) and 
found this method to be satisfactory. The mean recovery of 
lactic acid added to tissue slices was 92 + 5 per cent by the Friede- 
mann, Cotonio, and Shaffer method, and 99 + 5 per cent by the 
colorimetric method. 

The data of the experiments are presented in Table II. Atten- 
tion is called to the following points. (1) In practically all cases, 
there is a slight increase of total fermentable carbohydrate. (2) 
With 0.020 m acetoacetate, the increase is usually somewhat less 
than without acetoacetate. In the mean the effect of aceto- 
acetate is —2.9 + 1.2 micromoles of fermentable carbohydrate 
per gm. per 2 hours. This small difference is not significantly 
different from 0. (3) In about half of the cases the decrease of 
lactic acid would account for a considerable fraction of the increase 
of carbohydrate. This possibility was neglected by Weil- 
Malherbe. 

We have failed to confirm Weil-Malherbe and we conclude that 
acetoacetic acid is not converted to carbohydrate by kidney slices 
from normal rats or cats or diabetic cats. 


Synthesis of Carbohydrate by Liver Slices from Diabetic Cats 


The evidence for the possible conversion of fatty acids to carbo- 
hydrates in the liver falls into three general categories: (1) demon- 

















Ee 





Stadie, Zapp, and Lukens 67 


stration in the intact normal, phlorhizinized, or diabetic animal 
of such low total respiratory quotients (less than 0.69) that a 
conversion of fatty acids to carbohydrate (r.q. supposedly < 0.3) 
must be assumed; (2) demonstration of such high D:N ratios 


TaBLe II 
Carbohydrate and Lactic Acid Metabolism of Kidney Slices from Normal and 
Diabetic Animals 
Temperature of equilibration 38°; time 2.0 hours; phosphate-saline 
buffer at pH 7.2; average sample 100 mg. Supplement, 0.020 m acetoacetate 


where indicated. 
The results are expressed in micromoles per gm. per 2 hours. 





Change from initial value 





O: uptake 



































Lactic acid a carbo- 
Animal No. = 2 P r l - l 
| | i ed 8 
#3 i #3 32 é rE is E 
los | % seii| € | f¥\ 28] ¢ 
mean eR Sd 
124. Normal cat | 166 | 205 |-5.6|-0.2| 5.4 3.0 | 5.4) 2.4 
128A. “ “ 0.0) 0.0 0.0 |12.2| 0.6 
| 0.0} 0.0, 0.0 |10.6| 6.1 
Mean... a 0.0) 0.0) 0.0 {11.4 3.3) —8.1 
a“ ee — ---- |= | — ee 
135A. Normal rat | |-3.7|-1.8) 1.9/4.3 | 2.3] —2.0 
a ae '—4.2|-3.4) 0.8] 3.2] 1.2) -2.0 
120C. Diabetic cat | —7.3 3.4| 1.3 
| | 2.0 
Mean............+-++.| | | 3.4| 1.6) —1.8 
122A. Diabetic cat | 161 | 174 | 1.6) 9.4] 7.8|5.9| 3.0) -2.9 
128. “ “ | 181 | 165 | 3.1) 2.2)-0.9| 3.2 |-2.8) -6.0 
Mean effect of 0.020 m acetoacetate............) 2.1 -2.9 
+1.3 +1.2 





(>3.5) in phlorhizinized or diabetic animals that the conversion 
must be assumed; (3) direct determination by analyses in the 
intact animal or perfused liver of increase of total carbohydrate 
in excess of possible protein, lactic acid, or glycerol precursors. 

Our discussion will be limited to category (3). Chaikoff and 
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Weber (1928), in confirmation of the original experiments of 
Eppinger, Falta, and Rudinger (1908), found “beyond doubt”’ 
that the excretion of glucose in the urine of depancreatized dogs 
after epinephrine was far beyond that calculable from preformed 
carbohydrate or the protein and glycerol metabolism. Hence the 
extra sugar was formed from fatty acids. This experiment was 
repeated by Bollman, Mann, and Wilhelm) (1931) who, however, 
also determined the glycogen content of the muscles. They 
found that epinephrine causes a marked decrease in the glycogen 
content of the muscles of depancreatized dogs. The amount of 
extra glucose which appeared in the urine corresponded closely to 
the amount of glycogen lost from the muscles. They concluded 
that this was the source of extra glucose and that the conversion 
of fatty acids to glucose need not be assumed. The similar 
experiments and conclusions of Bachrach, Bradley, and Ivy (1936) 
and also of Chambers, Himwich, and Kennard (1935) were con- 
firmatory of those of Bollman, Mann, and Wilhelm). 

Perfusion experiments with mammalian livers are of particular 
significance, since presumably the liver is the only site of formation 
of new carbohydrate. A complete carbohydrate balance requires 
the simultaneous determination of total fermentable carbohydrate, 
urea + ammonia, lactic acid, and ketone bodies. From such 
studies on twenty-two perfused cat livers, Burn and Marks (1926) 
concluded that there was an extra formation of carbohydrate 
(mean 2 to 4 mg. per gm. per hour) which could not be accounted 
for by known precursors except fatty acids. Gregg (1933) criti- 
cized these experiments because he found such decided irregularities 
in the distribution of carbohydrates in perfused livers, especially 
those low in carbohydrate. He was of the opinion that it is well- 
nigh impossible to use such a system to demonstrate glyconeo- 
genesis from fatty acids. In seventeen perfusions of livers from 
fat-fed cats and dogs he found no unaccounted for new car- 
bohydrate. 

Heller (1936), using the London cannula technique in intact 
normal dogs fasted 3 days, measured the portal-hepatic difference 
of glucose and lactic acid, and the total urinary nitrogen excretion 
over a period of 12 hours. From the average values and an esti- 
mated hepatic blood flow, he calculated the extra carbohydrate 
not accounted for by protein (maximum D:N of 6.5 used) and 
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lactic acid. In five such experiments he found values varying 
from 2 to 21 micromoles per gm. per hour (mean 12 + 4) which 
he concluded came from fatty acids. Although the hepatic glyco- 
gen was stated to be unchanged during the course of the experi- 
ment, the possibility that it was the precursor to the extra carbo- 
hydrate must be seriously considered in this type of experiment. 

The use in this problem of liver slices equilibrated in vitro has 
been limited. Gemmill and Holmes (1935) with liver slices from 
fat-fed rats found a formation of new carbohydrate associated 
with a low respiratory quotient (mean 0.58). They concluded 
that these facts “both taken together, represent a strong case”’ 
for the synthesis of carbohydrates from fats. However, these 
low respiratory quotients, in our experience, might be completely 
accounted for on the basis of ketone body formation from fat. 
Evidence strongly opposed to the possibility of glyconeogenesis 
from fat is that obtained by Stadie, Zapp, and Lukens (1940) who 
equilibrated liver slices from diabetic cats. In such preparations 
they measured the oxygen uptake, the respiratory quotient, the 
rate of deamination of amino acids, and the ketone body formation 
and found that the summation of the oxygen required for all the 
known oxidative processes, viz. oxidative deamination, carbon 
dioxide formation, and ketone body formation, was not signifi- 
cantly different from the total observed oxygenuptake. Inother 
words, the conversion of fatty acids to carbohydrates, a process 
which requires oxygen, could not have occurred, since there was 
no oxygen available in the metabolism of the slice for this 
conversion. 

In further experiments with slices from diabetic cat livers Stadie, 
Lukens, and Zapp (1940) found relatively low values for new car- 
bohydrate formation, and hence concluded that excessive carbo- 
hydrate formation did not occur in such preparations. 

In the series of experiments reported here the problem was 
attacked more systematically. Slices of liver from diabetic cats 
were equilibrated and the complete carbohydrate balance was 
obtained by measuring the initial and final values of total fer- 
mentable carbohydrate, lactic acid, and ketone bodies. In order 
to correct for the formation of carbohydrate from glycogenic 
amino acids arising from protein catabolism, the urea and am- 
monia formation was also measured. 
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The cats were prepared as described in the preceding section 
of this paper. 

Preparation of Liver—The animals were killed under nembutal 
anesthesia. The liver was quickly removed and dropped into 
cold saline. Slices of 0.4 + 0.05 mm. thickness were prepared 
with a double razor blade cutter. Averaging 200 to 250 mg., 
they were placed in Warburg vessels and equilibrated in 3.0 ce. 
of medium and 100 per cent oxygen for 2.0 hours at 38°. The 
oxygen uptake and carbon dioxide output were measured by the 
customary Warburg technique, and are expressed as micromoles 
per gm. of wet tissue. 

Buffered Medium—The phosphate-saline buffer had the same 
composition as the one described in the preceding section of this 
paper. The bicarbonate buffer contained NaHCO; 0.020 , 
Na,HPO, 0.010 m, NaCl 0.110 m, KCI 0.005 m, MgCl, 0.001 M, 
and was equilibrated with 95 per cent O, and 5 per cent COs. 
The pH afterequilibration was 7.1. When this buffer was used, 
the tissue slices were placed in 2.0 ec. of mediumand were equili- 
brated in specially designed respirators. 

Determination of total fermentable carbohydrate and of lactic acid 
was carried out as described in the preceding section of this 
paper. 

Determination of Urea Plus Ammonia—The method was based 
on the aeration procedure and is described in a previous paper 
(Stadie, Lukens, and Zapp, 1940). 

Determination of Ketone Bodies—The method was the slightly 
modified Shipley and Long (1938) procedure described in a pre- 
vious paper (Stadie, Zapp, and Lukens, 1940). 

Calculation of Carbohydrate Balance—The total observed in- 
creases of fermentable carbohydrate were corrected for known 
glycogenic products of the catabolism of the liver slices in the 
following ways. (1) The increase of urea + ammonia nitrogen 
represents the amount of amino acids which have been deaminated. 
On the basis of a D: N ratio of 3.0 the glucose derivable from these 
amino acids is as follows: glucose (moles) from glycogenic amino 
acids = 0.23 X increase (equivalents) of urea + ammonia nitro- 
gen. In a large series of liver slices from diabetic cats we have 
found that the increase of urea + NH, nitrogen is quite constant 
and close to a mean value of 30 microequivalents per gm. of liver 
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per 2 hours. Accordingly we have used this value throughout. 
Therefore the correction = 6.9 micromoles per gm. per 2 hours. 
(2) Correction for change of lactic acid. When this increased, 
it was assumed that it came from carbohydrate. Hence the 
correction = +4 the increase in lactic acid. When lactic acid 
decreased, it was assumed to be converted completely to carbo- 
hydrate. Hence the correction = —} the decrease in lactic 
acid. (3) Correction for glycerol. It was assumed that the 
glycerol derived from the fats catabolized was completely con- 
verted to carbohydrate. Ketone body formation represents total 
fat catabolism and on the basis of the multiple alternate oxidation 
hypothesis 1 mole of ketone = 0.25 mole of fatty acid. Hence 
the correction is glucose (moles) from glycerol = 4 K } X 4 X the 
increase (moles) of ketone bodies. The balance of the new car- 
bohydrate after the application of these corrections would repre- 
sent the carbohydrate derived from other precursors, presumably 
fatty acids. 

The experimental data are shown in Table IIl. Attention is 
called to the following points. (1) The values of increased urea + 
NH; are close to the mean value used. (2) Lactic acid increased 
except when it was used as a substrate, in which case it always 
decreased. (3) There is no doubt of the ability of the slice to 
synthesize new carbohydrate from a known glycogenic precursor. 
With d-lactate there was an active formation of carbohydrate up 
to 54 micromoles per gm. per 2 hours. (4) In five out of ten 
experiments the amount of unaccounted for new carbohydrate 
ranges from —5.4 to 3.6 and the mean is —0.36 micromole 
per gm. per 2 hours. (5) The mean of five values of new car- 
bohydrate fully corrected is 4.6 + 4.3 micromoles per gm. per 
2 hours. This is not significantly different from 0. The mean of 
all values is 5.6 + 2.5 micromoles per gm. per 2 hours or 1.0 + 0.5 
mg. per gm. per 2 hours. This amount is hardly significantly 
different from 0. Whether this small amount can be attributed 
to fatty acid conversion is doubtful. Other possible precursors, 
such as preexisting glycerol or glycerophosphate, neither of which 
was determined, must be considered. Moreover, the amount 
found would correspond approximately to 0.4 gm. of glucose per 
kilo of body weight per day, which is to be compared with the 
range of glucose excretion of 3 to 5 gm. per kilo per day in de- 








Metabolism in Diabetes Mellitus 


72 








“Pree oTfp08]| Jo osved. veep 40 OBVOAOUT 405 UO1Z994100 = FJ 


{pPezipoqeyeo 9Mj} “toa 
[O1904[3 IO} UOT}OOII0D = yy! Pe ourue vi cannes cad 410} UOTIDAIIOD = N 


aes out Ul UGA UO1}99011090 » Jo PO"IPW « 











“say ¢ 20d “WS sod “Su 9°0 F 0° l=ot¥9 le jo uray | 01 
cl M » I 
8S + 8°L a: & P 
oy + O'P ITMN ¢ 
ar uo Nywu1I0} 99 ayespayoquwo nesses uve iz U01}901109 JO ads so}d meg > fs ; 


Assuring 9 ‘say ¢ paywiqyinby, 








9z a lew athe stv errr, os ROTA 
»o» | 18 | OFF | O'RL- rd eco | 60z | » ww ee natit 
T ” 10 0'1Z 0°0F—- OF 12% ” ” 400°0 not 
yoo” Sh he oO°sT | O'8T-— cl 6e°0 r9T ” »» 8200°0 Natit 
yoyo” he | 0°08 er £% cr’O col 978}98[-P W CODD’ O OVI 
TTT "os Lt | oe IF 0Z 8£°0 6ST ” | Ladder 
T‘M » r9 69 | Zor If 0z 1e°0 Z81 9 | Neoer 
1” >» 61 | 66 | 6 ZI £2°0 CsI ” | NATIT 
T » O'1T €°Or | €°ecr a ce"0 L9T ” | OATIT 
” cl ¢’cl OLI Ze °O «l PE ” Onvott 
1‘M‘'N 9°¢ | aL | 0°ZI 9% 9 re'0 LL1 9u0 N LOLI 
. | 
sojomouoru | sojomosgyes | sofowourpus | eyuajoainbs 200 ied od 
o | 
a ; — ——_ . = 
POOOHIOD | awipsy °HN so1poq 
.U0nN001 eqyuupAq Pl9ov oroRy] at. ty S sia 084 _— - 
109 j0 @dA J, — revs ‘pesesy ul esuByD eta pon Jy oe WeS42Q quemeddng | ON 98D 





‘sunoy Z tod “wi 10d s syuaye tAInbaos01Ul 10 ‘gojowosotur ul possoidxa ou o1B s}]Nso4 ouL 


‘poysorpul sv syuowelddng ‘zy Ad 48 saulITes 
-9}BUOgIBIIG JO sUITVS-ayBYydsoYd Jo “99 O'g JayNg {Bur YCz 03 YEOZ eJduIES OBBIaAB ! . gE yw SINOY O'Z 10} UOTPBIQqITINb ay 


87D INEqQvIqT wo4f 8991)9 4aaVT] fiq ajvapfhiyoqiny a)qvjuawmsay fo sisayjufig 
Ill @14v 1, 








— ove | oe.” 


IN = correction tor Bly CVORCHIL SRESESEEL? COVES, 22 OO OMe eee 
f lactic acid. 





* Method of correction given in the text: 
from fat catabolized; L — correction for increase or decrease o 


Stadie, Zapp, and Lukens 73 


pancreatized cats. These preparations contained large amounts 
of fatty acids (300 to 600 microequivalents per gm.). Therefore 
they should have abundantly produced new carbohydrates from 
them. From their failure to do so in half the cases and the small 
probably insignificant value of the mean in all the cases we con- 
clude that the conversion of fatty acids to carbohydrate does not 
occur in the diabetic liver. 


SUMMARY 


1. The observation of Weil-Malherbe that kidney slices equili- 
brated in vitro convert acetoacetic acid to carbohydrate is not 
confirmed. 

2. Direct measurements of the new formation in vitro of total 
fermentable carbohydrate by liver slices from diabetic cats show 
that the slice retains the ability to form new carbohydrate, par- 
ticularly from added d-lactate. When the increase is corrected 
for possible carbohydrate formation from glycogenic amino acids, 
from the glycerol arising from the fat catabolized, and from 
changes in lactic acid, there is no significant amount of carbo- 
hydrate unaccounted for. This evidence is against the hypothesis 
that fatty acids are converted into carbohydrates by the diabetic 
liver. 
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An important problem in fat metabolism is the determination 
of the chemical mechanism by which the energy of fat becomes 
available for muscular work. There are two conceivable mecha- 
nisms: (1) direct oxidation, in which the oxidation of fatty acids is 
initiated and completed in the muscles, and (2) indirect oxidation, 
in which there is a preliminary partial oxidation by the liver of 
fatty acids; diffusible substrates are formed which are completely 
oxidized in the muscles. The possibility that both processes are 
operative at the same time must also be considered. 

Differences of opinion arose particularly over the second hypothe- 
sis and became formulated into three alternative hypotheses: (a) 
Successive 8 oxidation. Fats are partially oxidized in the liver to 
ketone bodies plus a 2-carbon compound (acetic acid). Succes- 
sive 8 oxidation may under some conditions proceed from both 
ends of the fatty acid chain (w oxidation). In this case one of the 
end-products of the oxidation is a dicarboxylic acid. (b) Multiple 
alternate oxidation. Fats are partially oxidized in the liver to 
ketone bodies only. (c) Fat to carbohydrate. Fats are partially 
oxidized by the liver to carbohydrates as well as ketones. These 
theories have recently been discussed in detail by Stadie (1940). 

The hypothesis of 8 oxidation of fatty acids was originally 
founded upon the work of Knoop (1904) and Dakin (1909), who 
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studied the excretory products after feeding phenyl-substituted 
fatty acids, and Embden and Marx (1907) who studied the metab- 
olism of fatty acids when perfused through isolated livers. Dakin 
concluded that this was a general biochemical reaction for the 
oxidation of fatty acids and proposed the hypothesis of successive 
8 oxidation which until recently was universally accepted. 
According to this the catabolism of a fatty acid group, CH;-- 
(CH,),-COOH, is effected in the liver by the successive removal 
of two carbon groups at a time, with the formation of an oxidized 
2-carbon compound and an intermediate fatty acid with 2 carbon 
atoms less than its immediate precursor. In the normal animal, 
this process continues until the fatty acid is completely degraded. 
In the diabetic, however, the oxidation stops at the 4-carbon 
stage, leaving a residue of 1 molecule of 8-hydroxybutyric or aceto- 
acetic acid per molecule of original fatty acid. The 2-carbon com- 
pound was usually asserted to be acetic acid. Hence the reaction 
for the oxidation of a typical fatty acid (palmitic) was written, 


Liver of normal animal, C;sH;.0, + 70. = 8CH3-COOH (1) 
Liver of diabetic animal, CysH 202 oa 6.50. = C,H;0; aa 6CH;-COOH (2) 


The idea that, by partial oxidation of fatty acids in the liver, 
acetic acid is formed which subsequently is oxidized in the muscles 
became firmly fixed in the literature and persists until today. 
For example, Embden and Michaud (1907) stated that although 
its formation in the liver from fatty acids has not yet been shown 
improved methods will make the demonstration successful. Peters 
and Van Slyke ((1931) p. 231) write the reaction for the oxidation 
of stearic acid with the formation of acetic acid. Toenniessen 
and Brinkmann (1938) state that without doubt large amounts 
of acetic acid are formed by the catabolism of fatty acids, as would 
be expected from Knoop’s 8 oxidation hypothesis. They, how- 
ever, were unable to demonstrate its formation in the perfused 
livers of rabbits. Oppenheimer and Stern ((1939) p. 256) dis- 
cussing fatty acid oxidation state that ‘“‘the most important re- 
action is Knoop’s 8 oxidation whereby an acetic acid residue is 
split off from the fatty acid molecule.” Mitchell ((1933) p. 484) 
discussed the “probable metabolites of the higher fatty acids, such 
as butyric and acetic acids,’’ etc. 

In an examination of the literature, however, we have been 
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unable to find any conclusive evidence that acetic acid is soformed 
in the livers of either normal or diabetic animals. In fact, aside 
from the negative inferences of Dakin, Embden, and Toenniessen 
and Brinkmann, quoted above, only one paper dealing with the 
subject has been found. Cook and Harrison (1936) reported 
large amounts of acetic acid in beef livers, but the use of an oxi- 
dizing agent in the course of their analyses makes them open 
to question. 

In addition to the demonstration of acetic acid formation, fur- 
ther evidence bearing upon the nature of the oxidation of fatty 
acids in diabetic livers could also be obtained by determining the 
ratio of the increase of ketone bodies to the decrease of fatty 
acids during a period of active metabolism. A search of the 
literature fails to reveal such data. 

We have previously discussed evidence (Stadie, Zapp, and 
Lukens, 1940) indicating that the hypothesis of successive 8 
oxidation should be replaced by the hypothesis of multiple alter- 
nate oxidation. According to this the entire fatty acid chain is 
simultaneously oxidized in the liver along its whole length at 
alternate carbon atoms and is completely converted to ketone 
bodies. The reaction in the case of palmitic acid would be 


CisHs,02 + 50, = 4C,HsOs (3) 


In brief the evidence is the following. (1) In livers of patients 
dying in diabetic acidosis, there is no proof of the presence of 
lower intermediary fatty acids, particularly butyric acid (Hurtley, 
1916). (2) Ketone body formation by liver slices equilibrated 
in vitro with higher fatty acids was greater than that expected if 
1 molecule of fatty acid yielded only 1 molecule of ketone (Jowett 
and Quastel, 1935). (3) The feeding of esters of higher fatty 
acids resulted in a greater excretion of ketone bodies than could 
be accounted for except on the basis of multiple alternate oxida- 
tion (Deuel, Hallman, Butts, and Murray, 1936). (4) The ratio 
of oxygen uptake to ketone formation in perfused liver from 
diabetic cats could only be accounted for if no oxidized product 
of fatty acid were formed other than ketone bodies (Blixenkrone- 
Moller, 1938). (5) The respiratory metabolism of liver slices 
from diabetic cats gave essentially an exact balance on the basis 
of this hypothesis (Stadie, Zapp, and Lukens, 1940). 
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Two types of supportive evidence, outlined above, remained to 
be determined, viz.: (1) Possible formation of acetic acid in liver. 
The diabetic animal is subsisting mainly upon fat. Therefore its 
liver should be actively forming acetic acid. The lack of such 
formation would be strong evidence against the hypothesis of 
successive 8 oxidation. (2) The molecular ratio in liver of 
increase of ketone bodies to the decrease of fatty acids. In the 
liver of the diabetic animal which is actively producing ketone 
bodies this ratio should be (cf. Equations 2 and 3) 1:1 for the 
hypothesis of successive 8 oxidation and 4:1 for multiple alter- 
nate oxidation. The experimental value of this ratio would be 
significant in the problem of the mechanism of fatty acid oxidation 
in the liver. 

In this paper we present evidence bearing upon these two 
points. Liver slices from depancreatized (48 hours) cats or 
phlorhizinized normal rats or cats were equilibrated in vitro for 
periods of 2 hours and the initial and final concentrations of 
metabolites were compared. 


EXPERIMENTAL 


Depancreatized Cats—The cats were depancreatized under 
nembutal anesthesia, and were used 48 hours after the operation. 
Completeness of the pancreatectomy was checked by autopsy 
and by the degree of glycosuria. In two cases (Cats 139A and 
139B) normal cats which gained weight on a standard diet were 
fed raw thyroid gland in addition to this diet for about 2 weeks 
prior to pancreatectomy. Under this regimen they lost weight 
and appeared to be hyperirritable. One of these eats (No. 139A) 
also received 4 mg. per kilo of dinitro-o-cresol subcutaneously | 
hour before being killed. 

Phlorhizinized Rats—Normal male rats weighing about 250 gm. 
were injected with 60 mg. of phlorhizin in olive oil subcutaneously 
48 and 24 hours before the experiment. During this time they 
were fasted and kept in metabolism cages. Marked ketonuria 
and glycosuria were observed. 

Phlorhizinized Cats—The cats were fasted for 48 hours and then 
injected with 1 gm. of phlorhizin in olive oil subcutaneously on 2 
successive days, during which time fasting was continued. They 
were used 24 hours after the last phlorhizin injection. 
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Preparation of Liver—The animals were anesthetized with 
nembutal and the livers were quickly removed and dropped into 
cold saline. Liver slices of 0.40 + 0.05 mm. were prepared with a 
double razor blade cutter. Averaging 250 mg., they were placed 
in Warburg vessels in 3.0 ce. of medium and 100 per cent oxygen. 
The oxygen consumption and carbon dioxide production were 
measured for a 2.0 hour period at 38° by the customary Warburg 
technique, and are expressed as micromoles per gm. of wet tissue. 
The time elapsing between removal of the liver and commence- 
ment of the equilibration at 38° averaged 20 minutes. 

Buffered Medium—-Two phosphate-saline media were used. 
One buffer contained Na,XHPO, 0.050 m, NaCl 0.130 m, KCl 
0.007 m, MgCl, 0.005 m, and HC! to pH 7.2 plus substrate addi- 
tions where indicated. The other buffer contained Na,HPO, 
0.030 m, NaCl 0.090 m, KCl 0.005 m, MgCl, 0.005 m, and HCl 
to pH 7.2 plus substrate additions where indicated. As there were 
no essential differences in the metabolism of liver slices in these 
two buffers, they are not distinguished in Tables I and II. 

Determination of Acetic Acid (Steam-Volatile Acid)—The con- 
tents of the Warburg vessels were transferred to centrifuge tubes, 
the liver macerated, and the protein precipitated with tungstic 
acid. Acetic acid was determined on these tungstic acid filtrates 
by steam distillation from a small glass-stoppered distilling 
flask. The sample (4.0 cc.) was acidified with 0.5 cc. of 15 M 
H;PO, and steam admitted to the distilling flask. A 660 watt 
heating coil controlled by a rheostat was placed under the flask 
and the heat adjusted so as to maintain constant volume during 
the distillation. 25 cc. of distillate were collected, and the entire 
distillate, or an aliquot, was titrated with 0.01 nN NaOH from a 
Rehberg burette with phenolphthalein as indicator. CO,-free air 
was bubbled through the distillate for 3 minutes before and during 
the titration to minimize the CO, error. All glassware used in 
the distillation was thoroughly steamed before use. 

By this method all steam-volatile acids (including the saturated 
aliphatic acids up to 8 carbon atoms) can be determined. Py- 
ruvic, lactic, acetoacetic, and 6-hydroxybutyrie acids do not 
interfere in the concentrations usually encountered. The re- 
covery of steam-volatile acids from tissue would necessitate fur- 
ther procedures to identify the acid or acids in the distillate. This 
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problem, however, did not arise in the present experiments, as 
essentially no steam-volatile acid was found. 

On the average 88 per cent of acetic acid added to liver slice 
extract could be recovered by the method when the quantity of 
acetic acid distilled was 5 to 20 micromoles (0.30 to 1.20 mg.). 
As little as 1 micromole (0.06 mg.) of acetic acid in 25 ce. of dis- 
tillate could be detected, although the increase in titration over 
the water blank was too small to give reliable quantitative re- 
covery. 

Determination of Ketones—Acetoacetic acid and §-hydroxy- 
butyric acid were determined by the slightly modified Shipley and 
Long (1938) method described in a previous paper (Stadie, Zapp, 
and Lukens, 1940). The sum is expressed as micromoles of wet 
tissue per gm. 

Determination of Fatty Acids—The method used was an adapta- 
tion of the method described by Stoddard and Drury (1929) 
for total fatty acids in blood. After the respiration period the 
contents of the Warburg flask were transferred to a 100 ce. 
flask and the liver finely macerated. The resulting suspension 
was neutralized and extracted three times for 15 minutes each 
with 20, 20, and 10 ee. of boiling aleohol-ether (3:1) mixture under 
reflux condensers. The alcohol-ether extracts were then saponi- 
fied, and the fatty acids isolated and titrated essentially as de- 
scribed by Stoddard and Drury. All fatty acids of 6 or more 
carbon atoms are determined by this method. 

The method was quite reproducible for the recovery of known 
amounts of fat, as is indicated by the following results of deter- 
minations on 30 mg. samples of bayherry wax: 109.2, 109.5, 
110.8, 117.6, 107.6, 108.0, 113.4; mean 110.9 + 1.4 microequiva- 
lents of fatty acid recovered. 

Method of Sampling—In view of the known variation in the 
amount of fat in different sections of the same liver, duplication of 
the amount of fat in different liver slices from the same animal 
was not to be expected. Each slice therefore was divided in two, 
one part being used for equilibration in Warburg vessels, while 
the companion part was used for the determination of the initial 
amount of fatty acid in the slice. Thus each Warburg vessel 
had a corresponding initial amount from which the changes in 
liver fat were calculated. 
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Possible Formation of Acetic Acid in Liver 


The data of this experiment are shown in Table I. The fol- 
lowing points are emphasized. (1) There was a considerable 
ketone body formation. (2) There was essentially no acetic acid 
formation. By the method of steam distillation fatty acids up to 


TaBLe I 
Oxygen Uptake, Respiratory Quotient, Ketone Body Formation, and Acetic 
Acid Formation of Liver Slices from Depancreatized (48 Hours) Cats 
t = 38°; average sample 200 to 250 mg.; 3.0 cc. of phosphate-saline buffer 
(pH 7.2); equilibrated 2.0 hours. Supplements as indicated. 
The results are expressed in micromoles per gm. per 2 hours. 





| Total ketone Acetic acid formation 
































Cat No. Ozuptake | R.Q. | body forma- s . 
| Hon | Caleulated* | Observed 
106A 146 0.30 | 32 
136 | 0.35 1.1 
141 0.42 | 2% | 
| 46 | 0.83 | | 0.6 
|  159t | 0.47 23 CO | 
st | 0.52 | | | 0.5 
168t | 0.45 | 2 | 
4t | 0.56 | | 1.0 
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| 173t | 0.88 7 | | 
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TaBLe I-—Concluded 


Cats receiving insulin subcutaneously 1-2 hrs. before preparation of liver slices 








| Total ketone | Acetic acid formation 


























| 
Cat No | Os uptake R.Q. | body forma- = 
| | tion | Caleulated* | Observed 
i | | 
107A “(| «(0s |] 1.9 
/. M7 0.33 32 
| M3 | 0.29 7 
} 152 | 0.29 23 | 
175t | 0.47 20 
| 173t =| (0.46 | 2.5 
165t 04 | 6 | 
|} 26f | O41 | 2 | «18 
cities +t toe Te 
7B 6] «61m S| «Cee S| 
126 060—Cl| COC 2 
133 || | 0.66 0.0 
14 | 0.67 | 0.0 
7c 6| |(1m8SCt|~CtséOO«w 8 0.0 
173 0.37 0.0 
159 0.34 | 31 | 
| 188 0.35 | 35 | 
outs EE 
SE Sk) tie Jo ee 





* See Equation 2 in the text. 

t With 0.010 m fructose. 

t Equilibrated for 4 hours. 

§ Acetoacetic acid only determined. Not included in the mean. 


Cs can be determined (Leloir and Munoz, 1939). Hence the 
formation of all fatty acids from formic to octanoic can be ex- 
cluded. (3) The respiratory quotient was low (mean 0.38). 

If the hypothesis of successive 8 oxidation is correct, there 
should have been large amounts of acetic acid formed (approxi- 
mately 6 times the ketone formation). There was none whatever. 
This evidence is strongly corroborative of our previous conclusion 
that the chief mechanism of fatty acid oxidation in the liver is 
that of multiple alternate oxidation. Successive 8 oxidation or 
w oxidation, if it occurs at all, is relatively insignificant. 

The possibility that acetic acid formed and was completely 
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oxidized in the liver is ruled out by the value of the respiratory 
quotient which in that case should have been 0.65 (CyH30. + 
18.502 = C,H.O; + 12CO, ao 12H,0). 


Molecular Ratio in Liver of Increase of Ketone Bodies to Decrease 
of Fatty Acids 


Certain difficulties in this experiment should be pointed out. 
(1) The ideal preparation of liver slices would be one in which 
the ketone formation is high and the total fatty acids low. It was 
difficult to obtain livers from depancreatized cats in which this 
was so. When the ketone formation was large, the initial and 
final total fatty acids were so great that the measurement of the 
small difference was subject to such large errors that these experi- 
ments had to be discarded. Attempts to increase the subsequent 
ketone formation of the slices by daily feeding of thyroid gland 
for 2 weeks before the pancreatectomy were unsuccessful. Injec- 
tion of dinitro-o-cresol 1 hour before the experiment to increase 
the total metabolism also failed to increase the rate of ketone 
body formation in vitro. (2) Phlorhizinized normal rats had low 
total liver fats, but the ketone formation was not particularly high, 
contrary to our hopes. (3) The known uneven distribution of 
total fats throughout the liver would be expected to contribute to 
the discordance of the small differences. However, by our method 
of sampling (see above) we sought to overcome this difficulty. 
(4) The method for the determination of fatty acid is good for 
about +1 per cent. In looking for small differences (10 to 20 
microequivalents per gm. of liver) between initial and final fatty 
acids, the total fatty acids would have to be <100 to 300 micro- 
equivalents per gm. of liver in order to keep the error of the 
differences at +10 to 30 per cent. 

We were successful in obtaining a series of experiments which 
from a technical point of view we considered reliable. The data 
in Table II show the following. (1) In all cases but one ketone 
body formation was accompanied by a decrease of total fatty 
acids. (2) In each experiment the replicate decreases of fatty 
acids are as concordant (+30 per cent) as could be expected from 
the nature of the experiment. (3) In all cases the ratio of ketone 
body increase to fatty acid decrease is >1 and the mean value is 


_ 3.3 + 0.7. 
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TABLE II 


Increase in Ketone Bodies and Decrease in Fatty Acids in Liver Slices from 
Depancreatized Cats and Phlorhizinized Cats and Rats 


t = 38°; average sample 200 mg.; equilibrated 2.0 hours in phosphate- 
saline buffer at pH 7.2. No supplements. 


Mean ratio, 

















Or» up- Increase of Initial increased 
Antesd Mo. take, per ~ k ; | fatty Change per gm. k = 
Dears eo | se ono i. = per 2 hrs. decreased 
| fatty acids | 
Diabetic cats 
= | micromoles |, .micie | ™crregniea- 
Cat 121 175 | 0.55 202 ~9 
182 | 0.55 | | .209 | —25 
| 168 | 0.53 | 201 | —13 
163 | 0.52 | 192 | —30 
179 | 0.56 | 30 
171 | 0.52 | 21 
Mean... jes v 26 + 5.6 | 19 + 6.0 1.4 + 0.4 
Cat 1228 | 166 | 0.25 | 69 | | | 
| 179 | 0.29 290 | —20 
166 | 0.33 284 | —12 
164 | 0.35 | | 253 +1 
Ee ae ay La 69 —11 + 6.5] 6.3 + 3.7 
Cat 139A | 164 | 0.29 145 | —35 | 
| 168 | 0.28 124 | -19 
172 | 0.29 139 | —26 
169 | 0.27 | 54 
166 | 0.28 | 50 
a eee FPS —26 + 4.7] 2.0 + 0.4 


Cat 139B 182 | 0.32 70 








| 
184 | 0.27 | 346 | —22 





a 187 | 0.32 363 | —41 
| pies: ests a, AR ed i 
3 die 258 BAR. | 64 + 6 ~32 + 10| 2.0 + 0.6 





a 2 











tne 


Rien of -. 





Stadie, Zapp, and Lukens 


Normal fasted phlorhizinized rats 





|, Or up- | | Increase of 
Animal No. |#ke Pet) po | & 
nima o. em. per | R.Q | quant a) 
—_ micromoles 
144B | 159 | 0.49 | 43 
155 | 0.33 | 40 
157 | 0.44 | 
| 156 | 0.33 
Mean yet 41 + 2 
144D “120 | 0.40 | 46° 
120 | 0.40 
120 | 0.16 
ES a | 46 
151A 152 | 0.33 | 
161 | 0.34 | 50 
165 | 0.34 
161 | 0.33 | 50 
154 | 0.33 
149 | 0.33 | 46 
136 0.37 
141 | 0.38 | 43 
pry RAS red Me 47 + 2 
1SIB 124 | 0.29 | 
130 | 0.34 | 41 
135 | 0.41 | 
137 | 0.34 | 48 
125 | 0.34 | 
| 182 | 0.34 | 39 
Mean 43 + 3 


TaBLe I]—Concluded 


| Initial 


fatty 
= per 


micro- 
equivalents 


149 
142 


160 


135 


143 


139 


142 





Change per gm. 


per 2 hrs. 


microequiva- 
lents 


| —21 
| —13 


—-17 + 4.0 


—20 + 3 


Normal fasted phlorhizinized cats 


—7 


—13 


SS 


Mean ratio, 
increased 
ketone to 
decreased 
fatty acids 


2.3 + 0.6 


12.3 + 0.4 


48 + 0.6 


(3.3 + 0.7 
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Our conclusion from the value of this ratio is that approximately 
4 molecules of ketone body are formed by the partial oxidation of 
1 fatty acid molecule in the liver. This is in accordance with 
the multiple alternate oxidation hypothesis and contrary to the 
successive 8 oxidation hypothesis. However, the mean value of 
3.3 + 0.7, while not significantly different from 4, the approxi- 
mate value expected by the former hypothesis, might conceivably 
indicate that some oxidative reaction other than ketone body 
formation is occurring in the fatty acid catabolism of the liver. 
An oxidative process resulting in the formation of products other 
than ketone bodies, carbon dioxide, formic to octanoic acids, or 
carbohydrates would have to be supposed. Intermediary fatty 
acids with C > 6 must also be excluded. The fraction of total 
fatty acids so oxidized would be (4 —3.3 +0.7)/4 = 0.2+0.04. 
In other words, about 20 per cent of the total fatty acid 
decrease would have been brought about by such a process. It 
is difficult to conceive what this hypothetical product could be in 
view of the evidence already discussed which supports the multiple 
alternate oxidation hypothesis, particularly that on the respira- 
tory balance of liver slices from diabetic cats. We are more 
inclined to attribute the discrepancy between the observed and 
the expected ratios to the totality of experimental errors inherent 
in the experiment. 


SUMMARY 

1. In liver slices from depancreatized cats, which when equi- 
librated in vitro produced abundant ketone bodies by partial oxi- 
dation of fatty acids, there was found no formation of acetic or 
other steam-volatile acids. This is corroborative evidence for 
the hypothesis of multiple alternate oxidation and against the 
hypothesis of successive 8 oxidation. 

2. In similar slices from depancreatized cats and phlorhizinized 
rats and cats the ratio of ketone body increase to fatty acid de- 
crease was found to be 3.3 + 0.7. The significance of this with 
respect to fatty acid catabolism of the liver is discussed. 
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CARBON SUBOXIDE AND PROTEINS 
I. THE NATURE OF THE REACTION* 


By WILLIAM F. ROSS ann HALVOR N. CHRISTENSEN 
(From the Chemical Laboratory of Radcliffe College, Cambridge) 


(Received for publication, August 16, 1940) 


With the advance of knowledge regarding the reactions of pro- 
teins, the significance of the number and distribution of polar 
groups within the molecule has become ever more appreciated. 
Since most of the polar groups are contributed by the side chains 
of dibasic and dicarboxylic amino acids, and of tyrosine, these 
groups would extend from a chain or stand up from the surface 
created by any orderly arrangement of chains, thus contributing a 
definite pattern to the protein. This pattern would to a great 
extent characterize the chemical and physiological behavior of the 
molecule. Of particular interest in this respect are the proteins 
having physiological action, such as enzymes and antibodies. 
The specificity of the former group is certainly dependent upon 
such a pattern, and a substrate must have a suitable pattern itself 
before union and subsequent action can take place. This is well 
illustrated by the recent work of Bergmann on the specificity re- 
quirements of substrates for the proteolytic enzymes. 

Polar groups within proteins have been covered by suitable re- 
agents, and the activity of the derived proteins studied. Thus 
Herriott and Northrop (1) have illustrated the importance of the 
phenolic hydroxy! of tyrosine for pepsin activity by acetylating 
this group with ketene. The same reagent has been applied to 
insulin by Stern and White (2). Hopkins and Wormall (3) after 
employing pheny! isocyanate have observed marked alteration of 
the specificity of serum globulin as an antigen. The reaction with 
insulin was also studied (4). These reagents have been more 
successful than others, as they are effective at low temperatures 


* This work was made possible by a grant from the Rockefeller Foun- 
dation. 
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and at neutral or nearly neutral reactions, thus having a minimum 
denaturant effect on the proteins employed. They have in com- 
mon the fact that they cover polar groups, removing charges from 
the protein pattern. 

It has been the purpose of this research to develop reagents 
capable of replacing the positive charge of a basic group by the 
negative charge of a carboxyl group, and vice versa. With such 
reagents it should be possible to reverse the charge of certain polar 
groups on the protein surface. Carbon suboxide, C;O2, has been 
found to be a useful reagent for performing transformations of this 
type. 

Carbon suboxide is considered to have the structure O=C= 
C=C=0O, thus containing two active groups similar to that of 
ketene, H,C—=C=O. Its chemistry has been recently reviewed 
by Ryerson and Kobe (5). Its reactions with water to form 
malonic acid and with organic amines to give diamides of malonic 
acid are characteristic. Pauw (6) allowed C;O, to react with 
amino acid esters in ether solution, and was able to isolate the 
malonyldiamides of the esters. Reactions of C;0. with amino 
acids or amines in aqueous solutions had not, however, been 
investigated. 

The reaction of C;0, with a slightly alkaline aqueous solution 
of glycine was first studied to determine whether it would react 
by preference with water to form malonic acid or with the amino 
group of glycine to give either malonylmonoglycine or malonyl- 
diglycine. Isolation of as much as 75 per cent of the amino acid 
as malonyldiglycine (compound (III) in the accompanying 
scheme) has shown that C,;02 reacts much more rapidly with the 
basic amino group than with water. This conclusion is supported 
by the fact that we have not yet isolated from the reaction mixture 
malonylmonoglycine (II) which would be formed from the reaction 


O=C=C=C=0 + H:NCH,COOH — 


HOOCCH:CONHCH;,COOH (II) 


(I) AZ 
O==C==CHCONHCH:COOH oF ae a 
‘\ 


CH; (III) 
CONHCH.COOH 
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of the hypothetical intermediate (I) with a molecule of water. 
There is, of course, some malonic acid formed. The course of the 
reaction with glycine may be tentatively described in the accom- 
panying scheme. 

The behavior of C;O2 with solutions of glycine in more acid 
solutions is presented in Table I. These figures illustrate that 
amide formation occurs as low as pH 3, thus making the reagent 
available for use with proteins at any desired pH. 

In addition to the reaction of C;O0, in water with the a-amino 
group of amino acids, it has been found (7) that it forms diamides 
of the e-amino group of lysine and esters of the phenolic hydroxyl 
group of tyrosine. 


TaBLe I 
Reaction of CsO2 with Aqueous Solutions of Glycine at Varying pH 

1 ml. portions of a 0.4 m C;0,-toluene solution were added to 10.9 ml. 
solutions containing 0.5 mm of glycine in 0.5 m buffers of appropriate pH. 
The original amino nitrogen concentration was 0.74 mg. per ml. The final 
amino nitrogen values have been corrected for the nitrogen evolved from 
the total malonic acid equivalent to the C,0, taken. The “glycine 
coupled”’ is equal to the per cent of the original amino nitrogen which was 
lost during the reaction. 





pH 3 | pH 5 pH7 pH 8 pH 9 





Final NH;-N, mg. per ml............ 0.51 | 0.50 | 0.49; 0.39) 0.11 
Glycine coupled, % ............... 31 | 33 34 47 85 





With proteins in aqueous solutions we should therefore antici- 
pate the reaction of C;02 with the terminal a-amino groups of 
polypeptide chains, with the e-amino groups of lysine residues, and 
also with the phenolic hydroxyls of tyrosine. We should also 
expect that the intermediate corresponding to (I), and containing 
the half reacted C;0, molecule, should react with water to form 
the malonylmonoamide similar to (II). The relative scarcity of 
amino groups, their fixed positions within the great molecule, and 
the low mobility of the protein molecule itself lead to this belief. 
The reaction within the protein could then be represented as 


bi Ris 


NH,* NH-COCH.COO- 
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The conversion of a positive to a negative polar group in the same 
position, except for the insertion of the 3-C chain, would thus 


be accomplished. 
EXPERIMENTAL 


Preparation of Carbon Suboxide—The procedure of Hurd and 
Pilgrim (8) was followed. Liquid diacetyltartaric anhydride was 
slowly introduced into a horizontal tube at 650°; the products of 
pyrolysis were separated by first condensing the acetic acid at 15°, 
and then the C;Q, in a trap at dry ice temperatures. The liquid 
C302 was allowed to stand at 0° for an hour before use to effect 
the removal of dissolved COs. 

Malonyldiglycine—A solution of 1.5 gm. of glycine in 30 ml. of 
water was brought to pH 8.5 by the addition of 1 n KOH and 
cooled to 0°; then carbon suboxide was distilled in by gently warm- 
ing an excess of the liquid reagent. During the period of addition, 
45 to 60 minutes, the reaction mixture was kept at 0° and the pH 
maintained constant by the addition of 1 n KOH. After comple- 
tion of the reaction the solution was acidified with dilute HCI] and 
concentrated in a vacuum. Crystallization, which had already 
begun at this point, was completed by allowing the solution to 
stand at 5° overnight. The product, 1.5 gm., consisted of clusters 
of monoclinic prisms, which were recrystallized from methy] alco- 
hol and water or water alone. It melted at 236° with decomposi- 
tion, having turned yellow 10° below this point. 


Analysis—C;H,oN20s. Theory. C 38.5, H 4.6, N 12.8 
Found.’ “ 38.6, “ 4.7, “ 12.8 


Malonic acid was found in the residue after further concentration. 

Malonyldiglycine from Diethyl Ester—Malonyldiglycine ethyl 
ester was prepared by the reaction of carbon suboxide with glycine 
ethyl ester in ether solution (6). The melting point was 107°, 
in agreement with Pauw. This was hydrolyzed by solution in 
water, addition of HCl to constant boiling, and concentration in 
a vacuum at 60-70°. The product formed monoclinic crystals, 
and after recrystallization from water melted at 235-236°, behav- 
ing exactly as did the product prepared from glycine in aqueous 
solution. 


' The carbon and hydrogen analysis was made by Miss L. 8. Green. 
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Addition of CsO0, to Protein—For the addition of C3O2 the protein 
solution was placed in a slender cylindrical vessel surrounded with 
ice. The gas was introduced through a small sintered glass filter 
in the bottom of this vessel by gently warming several ml. of the 
liquid reagent. During the reaction the solution was stirred 
rapidly, and 0.3 n NaOH added from a burette at a point near the 
vanes of the stirrer. Alkali addition and C;QO¢ distillation were 
carefully regulated so that the pH remained at the desired value, 
a glass electrode being mounted in the vessel for this purpose. 

Owing to the extended dilution of the reaction liquid by added 
base, a concentrated protein solution was desirable at the begin- 
ning of experiments. The time required for the addition of CO, 
varied from 2 to 6 hours, dependent, of course, upon the quantities 
used. Slow addition appeared to give less denaturation. 

Analysis—It was at first hoped that amino nitrogen content 
could be used as a measure of the extent of reaction of C;O2 with 
free amino groups. <A few experiments led to the observation that 
malonic acid yielded large amounts of gas in the Van Slyke amino 
nitrogen determination, as if the malonic acid contained about 
5 per cent of amino nitrogen. If enough potassium iodide were 
added with the acetic acid to maintain the color of iodine through- 
out the period of shaking, the formation of nitrogen by the malonie 
acid was prevented. With proteins, however, a yellow color in 
the presence of nitrous acid was not always evidence of free 
iodine. In addition it was found that the amino nitrogen values 
obtained with egg albumin preparations containing malonyl groups 
were considerably lower when iodine was used in the analysis, 
whereas untreated egg albumin gave practically the same amino 
nitrogen whether or not iodine was used. This result indicated 
that both free and combined malonic acid interfered with the 
amino nitrogen determination. 

The following procedure was found satisfactory for separating 
the treated protein from uncombined malonic acid. After the 
reaction solution had stood about half an hour to insure complete 
decomposition of C;02, the pH was adjusted to 4.6 and the pre- 
cipitation completed by the addition of 1 to 2 volumes of con- 
centrated salt solution. The precipitate was filtered off by suc- 
tion, washed once with 20 per cent salt solution, and redissolved 
in water. After a second precipitation, the protein was redis- 








94 (Carbon Suboxide and Proteins. — | 


solved in water and dialyzed for 3 days against distilled water. 
The complete removal of malonic acid is established by the data 
below, in moles of malonic acid per gm. atom of nitrogen. 

















Experiment No. Initial First ppt. | Second ppt. 
ensiatiieatiild — ie we Sas —= 
| i 
1 0.88 0.006 | 0.001 
2 0.46 Oo. 004 0.001 


Van Slyke amino nitrogen determinations on treated sila 
thus purified were found to be satisfactory as long as excess iodine 


TaBLe II 
Crystalline Egg Albumin and Carbon Subozide 
The albumin had been twice recrystallized. The original ratio of amino 
to total nitrogen = 0.044. 





























Experiment No........ssssss000 1 | am | ® | 2% 3 4a | 4b 
—-_ ——$$ lee | ——_ 
pH.. 6.9 |69 |6.9 | 7.0 | 6.2 | 6.2 
C,0, per gm. atom N, mole : e (0.16* | 0.42*) 0.48* 0.18 
Combined malony!] per gm. (0. .0124; 0.043) 0.029 
atom N, mole... ..| 0.031/0.0161) 0.044) 0.033) 0.022) 0.007) 0.023 
0.041) 0.031 
Ratio, final amino to total 0.016 
6s “a eats ea 0.007/0.025 0.010 0.010 0.029) 0.035) 0.025 
| , 
Sum of 2 figures above. 0.038/0.039 | 0.053 (0. 044) 0.051) 0.042) 0.048 








* From base required to keep pH constant; too high on account of some 


CO, in C3O>. 


was present, and shaking was continued for 15 minutes. It is, 
however, difficult to determine very small quantities of amino 
nitrogen in proteins. 

In view of this fact, a method was developed for the direct deter- 
mination of combined malonic acid. This is described in the 
following communication (9). This determination, in addition to 
giving more reliable values than can be obtained from estimating 
the disappearance of amino nitrogen, measures non-amide malonyl 
groups. 

The experimental data for the runs made with egg albumin, 
horse serum albumin, and chymotrypsin are presented in Tables II 
to IV, respectively. 
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Electrometric Titration—The titration assembly consisted of an 
enclosed rotating cup of 25 ml. capacity in which were immersed 
the non-rotating glass electrode assembly and tip of a micro- 


TaBLe III 
Serum Albumin and Carbon Subozide 


Carbohydrate-free crystalline horse serum albumin of McMeekin (10). 
The original ratio of amino to total nitrogen = 0.0813. pH = 7.5, all ex- 
periments. 








| 


Experiment No age —l | ot oe 











| | Id 2 
C0; per gm. atom N, mole... ....| 0.152* 0.344%) 0.61* | 1.08* | 0.341 
Combined malonyl per gm. atom N, | | | 0.045+ 
mole .. Pe Se) | 0.024 | 0.047 | 0.059 | 0.066 0.046t 
Ratio, final amino to total N......| 0.072 | 0.045 | 0.041 | 0.028 “~~ 
Sum of 2 figures above............ 0.096 | 0.092 | 0.100 | 0.094 | 0.095 





* Estimated by measuring the difference in nitrogen released in the Van 
Slyke determination in the presence and absence of excess iodine. 

+ Analysis by Miss Ann H. Tracy. 

t Figure obtained from the titration curve; see the text. 


TaBLe IV 
Chymotrypsin and Carbon Subozide 


Crystalline preparation of Northrop (11). pH = 7.5. The original 
ratio of amino to total nitrogen = 0.063. 

















Experiment No........... a a | la b | Iie Id pom 

C,0, per gm. atom N, mole........ | 0.343 1.09 | 2.47 6.77 | 

Combined malony] per gm. atom N, | 
ER soc eseesesss| 0.018 | 0.031 | 0.041 0.047 

Ratio, final amino to total N......| | 0.044 | 0.087 | 0.037 | 0.063 

Sum of 2 figures above . a | 0.075 | 0.078 | 0.084 

Proteolytic* activity.............. 0.096 | 0.050 | 0.040 | 0.029 | 0.160 





* The increase in NH; to total nitrogen after 42 hours in a digest contain- 
ing per 10 ml., 37 mg. of egg albumin nitrogen, 4 mg. of enzyme nitrogen, 
1.3 ml. of 0.66 m NasHPO, buffer, pH 8.2. 


burette. The current drawn from this was amplified by a two-stage 
amplifier and compared with that from a Leeds and Northrup 
type K potentiometer, with a microammeter as null indicator. 
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Titrations were of the continuous type; a quantity of protein 
solution was placed in the vessel and E.m.F. determinations made 
after the successive addition of fractional ml. quantities of 0.5 Nn 
KOH or HCl, 2 minutes of stirring being allowed for equilibrium. 
Concentrations were such that 30 mg. of protein nitrogen were 
present in a 12 ml. total volume. 

Fig. 1 gives the titration curves for malonyl serum albumin 
(Table III, Experiment 2) and normal serum albumin. The 
treated protein had been purified in the usual way by precipita- 


- tion and then by dialysis in a rotating cellophane membrane at 0° 
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Fic. 1. Titration curves for horse serum albumin, and malonyl serum 
albumin. O represents malonyl serum albumin (Table III, Experiment 2); 
@, normal serum albumin. 


for 1 day against water, 1 day against dilute NaCl solution, and 
finally 2 days against water. The normal serum albumin, pre- 
pared according to McMeekin (10), had been recrystallized four 
times and dialyzed in a similar manner for 5 days. 

The values of combined acid and base were calculated in the 
usual way from the E.M.F. determinations. Activity coefficients 
for the H* were taken from Lewis and Randall (12) and a value 
of 13.77 for pK, was used. The ionic strength was considered to 
be that of the NaOH or HC! present, that due to the protein being 
neglected. 16.1 per cent nitrogen content was accepted for both 


proteins (10). 
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DISCUSSION 


The analytical data for C;O0,-treated proteins (Tables II to IV) 
offer strong support for the interpretation that this reagent con- 
verts free amino groups of proteins into corresponding malonyl 
derivatives. 

Although no complete amino acid analysis of the crystalline 
horse serum albumin of McMeekin is yet available, earlier values 
for serum albumin (13) give a lysine content equivalent to 0.0774 
mole per gm. atom of nitrogen. Lysine contributes the major 
portion of free amino groups. To its value must be added what- 
ever amino nitrogen is present at the ends of polypeptide chains. 
Our figure for the total amino nitrogen per gm. atom of nitrogen, 
0.0813, is ample to cover both. If C;O2 reacted only with amino 
groups, the sum of the combined malonic acid and the amino 
nitrogen per gm. atom of nitrogen would be constant and equal 
to the original value of amino nitrogen. Our figures for this sum, 
0.096 + 0.004, are remarkably constant (bottom row of Table ITI), 
but are consistently about 20 per cent higher than the original 
amino nitrogen value, suggesting that malonyl is being introduced 
at some other point. C;O, might react with the phenolic groups 
of tyrosine, but less rapidly than with amino groups if it behaves 
like ketene, which was investigated by Herriott and Northrop. 
The fact that these figures do not increase proportionally with the 
amount of C;0. reagent added indicates that this second group 
is about as reactive as an amino group. The tyrosine content, 
0.023 mole per gm. atom of nitrogen (14), added to the lysine 
content, 0.0774 mole, equals 0.1004. One terminal amino group 
per molecule of 73,000 molecular weight and 16.1 per cent nitrogen 
content would contribute 0.0012 to this figure. Several such 
groups would not be excluded by our data. 

The titration curve for malonyl serum albumin, Experiment 2 
of Table III, is shown in Fig. 1.2 There are approximately 


?Through the kindness of Professor Edwin J. Cohn of the Harvard 
Medical School, we have been able to compare our curve for McMeekin’s 
earbohydrate-free serum albumin with one obtained in his laboratory by 
the use of the hydrogen electrode and discontinous titration. There is good 
agreement between pH 3.5 and 9.5, but our curve has less tendency to 
flatten out at extreme acid and alkaline concentrations, particularly be- 
tween pH 2 and 3. We believe that these differences are due to devia- 











98 Carbon Stboxide and Proteins. | 


50 X 10-* additional base-combining groups per gm. of treated 
protein at pH 10.7, which is equivalent to 0.0435 mole of malonic 
acid per gm. atom of nitrogen, assuming that only one carboxyl 
group is free. Likewise there are 56 X 10~ less acid-combining 
groups at pH 2.2 in the same protein, or 0.0487 mole per gm. atom 
of nitrogen. The average of these agrees well with the analytical 
figure for combined malonic acid, 0.045. Therefore each molecule 
of C;O2 which reacts covers up a basic or acid-combining group 
and introduces an additional acidic or base-combining group. We 
believe the only interpretation is that which we have already 
suggested. From these data it would appear that there is very 
little diamide formation, either intra- or intermolecular. 

Similar calculations can be made for malonyl egg albumin, 
Table II, but the data here are not as satisfactory, this being the 
first protein studied and that upon which the experimental pro- 
cedures were worked out. Both it and malonylchymotrypsin, 
however, support the general conclusions drawn from our study 
of malonyl serum albumin. 

Most of the malony! proteins are insoluble in dilute salt solu- 
tions from pH 4.6 to 3.5. This may be caused by a stronger iso- 
electric effect in the treated protein or by limited denaturation. 
The solubility appears to be lower after reactions under pH 7.0. 
Both the removal of acid-combining groups and the introduction 
of carboxyls would decrease solubility in weakly acid solution. 
The proteolytic activity of malonylchymotrypsin is found to be 
inversely proportional to the amount of malonic acid introduced 
(Table IV), which could be the result of denaturation or of changed 
enzymic specificity. 

We are now investigating the specificity requirements of C;0,- 
treated enzymes with both normal proteins and synthetic sub- 
strates. A study of the digestion of malonyl proteins by normal 
and malonyl enzymes is also in progress. 





tions of the glass electrode and plan to repeat the titrations using a hy- 
drogen electrode assembly. If they do result from our titration proced- 
ure, any correction found to be necessary would apply equally to the 
eurves for both normal and malony! proteins without affecting the con- 
clusions drawn here. 
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SUMMARY 


A reaction is described whereby it is possible to convert certain 


acid-combining or basic groups within protein molecules into 
groups of an opposite charge. 
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CARBON SUBOXIDE AND PROTEINS 
II. THE DETERMINATION OF MALONIC ACID* 


By HALVOR N. CHRISTENSEN anp WILLIAM F. ROSS 
(From the Chemical Laboratory of Radcliffe College, Cambridge) 


(Received for publication, August 16, 1940) 


The procedure presented here has been developed to permit 
quantitative study of the reaction of carbon suboxide with pro- 
teins in aqueous solution (1). To liberate malonic acid from the 
malonyl! groups thus introduced, alkaline hydrolysis was employed. 
This malonic acid was extracted from the acidified hydrolysate 
by ether and then transferred to water. Aliquots of the resulting 
aqueous solution were titrated with ceric sulfate (Willard and 
Young (2)), one directly and a second after heating at 140° in acid 
solution. This pyrolysis decomposes malonic acid into acetic acid 
and carbon dioxide, neither of which reduces ceric sulfate. The 
difference between the two titrations represents the malonic acid 
present; interference by other reducing material is thus avoided 
unless it too is destroyed by pyrolysis. 


EXPERIMENTAL 


Hydrolysis of Proteins—Malonic acid was found to be sufficiently 
stable to permit hydrolysis of proteins by alkali at 100° without 
loss. Acid hydrolysis under similar conditions resulted in con- 
siderable destruction (Table I). Pure malonic acid could be satis- 
factorily recovered as acetic acid by steam distillation following 
phosphoric acid hydrolysis in a sealed tube at 120° for 24 hours. 
However, normal proteins yielded acids volatile with steam under 
the same conditions (Table II). 

Analysis—In view of these results the determination of malonic 
acid by oxidimetry was adopted. The procedure as finally ac- 
cepted follows. 


* This work was made possible by a grant from the Rockefeller Foun- 
dation. 
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A quantity of protein containing 2 to 25 mg. of malonic acid is 
dissolved in a small amount of water and sufficient saturated 
NaOH added to make the protein solution 2 N in NaOH, after 
having 1 milliequivalent of alkali present for each 100 mg. of 
protein. The tube is sealed, and heated at 100° for 24 hours. 
Concentrated HCl equivalent to the NaOH and enough additional 
to make the solution about 2 N in strength is then added. The 


TaBLe | 
Stability of Malonic Acid to Hydrolyzing Agents 











Malonic acid 


Agent Temperature Time recovery 

7 es kote Sit tes ) ae 
6 wn HCl | 120 | 12 0 
R.ic% | 102 18 46 
0.5 ‘* NaOH 100 20 100 
a. = o 100 20 99 
i "“ 100 20 99 
5 7 100 20 102 

TaBLe II 


Determination of Malonic Acid by Acetic Acid Released upon Decomposition 
Hydrolysis at 120° for 24 hours by 20 per cent H;PO,, in a sealed tube. 




















Protein | Malonic acid added | Malonic acid recovered 

; mg. = mg. i 
None...... é Soh. 10 9.84 
ethan ind ucdelsade ied 10 9.96 
Oe eee ee 10 9.79 
0.4 gm. gelatin......... ei aes None 4.96 
0.4 “ egg albumin = 3.08 


solution is agitated thoroughly, washed into an extractor of the 
Lormand type (3), and extracted with diethyl ether, 2 hours for 
each ml. of solution. The ether extract is transferred quantita- 
tively to a small separatory funnel, and extracted with about 5 ml. 
of water containing 0.5 milliequivalent of NaOH. The aqueous 
extract is run into a 10 ml. volumetric flask, and the ether layer 
washed with three or four small portions of water which are added 
to the flask. 
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This is then heated, first cautiously at 50°, then at 95° for 
1 hour; after cooling, it is diluted to the mark. One 4 ml. aliquot 
is introduced into a test-tube, with slightiy more than an equivalent 
quantity of dilute H,SO,. The tube is then sealed and heated 
90 minutes at 140°, after which the contents are washed into a 
small Erlenmeyer flask. A second 4 ml. aliquot is introduced 
into another Erlenmeyer flask of the same size. Into each solu- 
tion is measured 0.1 N ceric sulfate in 2 N H2SO, considerably in 


Tas.e III 
Apparent Malonic Acid Content of Egg Albumin 








Preparation Protein nitrogen Malonic acid recovered 
are ees Pa app: mg. : 
Commercial 83 0.00 
Crystalline 62 0.06 
™ ana 109 0.02 
TABLE IV 


Recovery of Malonic Acid Added to Egg Albumin 








Protein nitrogen Malonic acid added Malonic acid recovered 
mg. mg. mg. 
47 8.90 8.68 
47 8.90 9.10 
47 8.90 8.63 
31 4.45 4.54 
31 4.45 4.39 
31 4.45 4.35 
53 8.90 8.75 
53 8.90 8.91 

8.90 8.67 





| 


53 


excess of the malonic acid believed present, followed by an equal 
volume of 18 N sulfuric acid. Water is added to bring the volume 
to about 4 times that of the ceric sulfate. The two flasks are 
set side by side in an oven or bath at 90° and heated 30 minutes. 
Upon cooling to 30° they are titrated with ferrous ammonium 
sulfate solution (0.1 N in 0.3 Nn H,SO,), with o-phenanthroline fer- 
rous sulfate as indicator (4). The difference in reducing capacity 
of the two solutions is due to the destruction of malonic acid. The 
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ferrous ammonium sulfate is standardized against the ceric sulfate 
solution, which in turn is standardized with sodium oxalate. 
1 milliequivalent of ceric sulfate is equivalent to 15.63 mg. of 
malonic acid (2). 

This method has been applied to egg albumin preparations to 
which no malonic acid and known quantities of malonic acid had 
been added. From egg albumin itself, malonic acid recoveries 
were negligible (Table III); from preparations to which malonic 
acid had been added they represented 97 to 102 per cent of that 
present (Table IV). 

No attempt was made to ascertain the most gentle hydrolytic 
conditions for the liberation of malonic acid, as experiments had 
shown that 0.5 N and 4 N sodium hydroxide were equally effective. 
The ether extraction proceeded more smoothly when extended 
hydrolysis had occurred. 


SUMMARY 


A method of analysis for malonic acid present in malonyl pro- 


teins is presented. 
This method should be equally satisfactory for either free or 
combined malonic acid in other biological materials. 
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CARBON SUBOXIDE AND PROTEINS 


III. THE REACTION OF CARBON SUBOXIDE WITH 
AMINO ACIDS 


By WILLIAM F. ROSS anp LEILA 8. GREEN* 
(From the Chemical Laboratory of Radcliffe College, Cambridge) 


(Received for publication, August 16, 1940) 


In Paper I of this series (1) there was reported the reaction of 
carbon suboxide, C;O02, with an aqueous solution of glycine to give 
malonyldiglycine. The present communication describes further 
studies of the behavior of this reagent with amino acids in the 
presence of water. 

Like glycine, lysine adds to C,;O02 through its a-amino group if 
the e-amino is protected. Thus there was obtained from e-benzoyl- 
dl-lysine the expected malonyldi-(e-benzoyl-di-lysine)a-amide. 
This behavior can be accepted as typical of all primary a-amino 
groups, and indicates that the free terminal amino groups in 
proteins react similarly. 

The e-amino group of lysine also gives well defined crystalline 
products if the @ group is protected. From a-benzoyl-l-lysine 
there was obtained malonyldi-(a-benzoyl-/-lysine)e-amide, which 
formed equally well in solutions of pH 8.0 or 6.0. The loss of 
amino nitrogen by proteins on exposure to C;O, has already been 
attributed to the reaction of this group in the lysine residue. 

There is, however, in malonyl proteins more combined malonic 
acid than can be accounted for by amide formation alone (1). 
This led to the investigation of the behavior of C;0, with suitable 
derivatives of tyrosine, an amino acid which is known to be 
acetylated at its phenolic hydroxyl by ketene (2). Both the 
diester, di-(N-carbobenzoxy-l-tyrosyl) malonate and the mono- 
ester, mono-(N-carbobenzoxy-l-tyrosyl) malonate were found to 
be present after the addition of 1.5 molar equivalents of C;0, to a 
slightly alkaline solution of carbobenzoxytyrosine. The yields, 


* Rosenwald Fellow, 1938-40. 
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90.5 per cent of the diester and 2.4 per cent of the monoester, 
indicate not only that C,;O, reacts readily in aqueous solution with 
the phenolic hydroxyl, but also that the half reacted intermediate 
has a greater preference for such a group than for water. The 
scheme which was proposed in an earlier paper (1) may now be 


accepted in its complete form. 
The low melting point of mono-(N-carbobenzoxy-l-tyrosy]) 


malonate (52°) may well explain our lack of success in isolating 
malonylglycinemonoamide from the reaction of C;02 with aqueous 
glycine. A correspondingly low melting point for this compound 
would make its isolation from the by-products of the reaction dif- 
ficult. Oils have been obtained from the more soluble fractions, 


0=C=C=—=C=0 + HOC,H,CH:CHCOOH — 
NHCbz0 


(II) HOOCCH,COOC,H,CH:CHCOOH 
- 


2.4% NHCbzo 
O=C=CHCOOC,H,.CH:CHCOOH 
| ™ COOC,H,CH,;CHCOOH 
(1) NHCbzo | 
(III) CH; NHCbzo 
COOC,H,CH,CHCOOH 
| 
NHCbzo 
90.5% 


but no crystalline product other than malonic acid has been 
recovered. 

The isolation of the monoester is also significant for it proves 
that the half reacted intermediate (I) may combine further with 
either water or a suitable amino acid residue. The first course 
is preferred when the reactive residue is within a protein molecule, 
the latter when it is in a mobile low molecular amino acid deriva- 
tive and when other such molecules are available. 

The reaction of CyO2 with the phenolic hydroxyl group appears 
to proceed at approximately the same rate as with the primary 
amino group. Identical amounts of this reagent in toluene solu- 
tion were added to equimolar quantities of carbobenzoxy-l-tyrosine 
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and glycine in two exactly parallel experiments. Of the carbo- 
benzoxytyrosine, 93 per cent was later accounted for as either the 
di- or monoester; of the glycine 67 per cent was found as the 
diamide, there being no recovery of the monoamide. 

Suitable derivatives of serine, arginine, and histidine have been 
investigated to determine whether C;O, reacts with the functional 
groups of their side chains. Under the conditions we employ, no 
evidence for reaction was obtained. It was interesting to observe 
that C;02 reacted almost quantitatively with dilute aqueous am- 
monium hydroxide to form malonamide. 

Cahill and coworkers (3) have reported the racemizing action 
of ketene in slightly acid solution. We have not observed any 
significant alteration of optical activity after addition of C,O, 
to solutions of amino acid derivatives of pH 6. It is possible, 
however, that C;O2, when added to weakly acidic solutions of 
proteins, racemizes certain of the amino acid residues at the 
carboxy] ends of protein chains, thereby causi z, through denatu- 
ration, the increased insolubility of malonyl proteins formed under 
slightly acidic conditions. 


EXPERIMENTAL 
Lysine 
Malonyldi -(e-Benzoyl-dl-Lysine)a- Amide—e- Benzoyl -dl-lysine 
was available as an intermediate in the synthesis of dl-lysine (4). 
An aqueous solution of 1.2 gm. of it was treated with C;02 at a 
pH of 8.0, the molar ratio of C302 to amino acid being 2.0. From 


the reaction solution was obtained 0.8 gm. of long monoclinic 
crystals which decomposed at 239-240°. 


CsHasOsNs. Calculated. C 61.2, H 6.4, N 9.9 
Found. “ 60.9, “ 6.6, “ 10.2 


a-Benzoyl-e-Carbobenzoxry-l-Lysine—Benzoylation of «-carbo- 
benzoxy-l-lysine (5) in aqueous solution gave the corresponding 
a-benzoyl derivative which first formed as an oil but was later 
crystallized to give microscopic prisms melting at 107°. 


CaHaOsNo. Calculated. Cc 65.6, H 6.3, N 7.3 
Found. ** 65.7, “ 6.7, “ 7.3 
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a-Benzoyi-i-Lysine—The a-benzoyl-e-carbobenzoxy-l-lysine from 
4.0 gm. of ecarbobenzoxy-l-lysine, as an oil, was hydrogenated in 
aqueous methyl alcohol with palladium black as catalyst. The 
product was crystallized from water, forming thick needles which 
b melted with sintering at 250°. 1.1 gm. were obtained. The cor- 
} responding dl-lysine derivative has been reported by Green- 
stein (6). 





K 

a ai 
Bi 
Th 
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la}* = +21.6° (in water, containing 1 equivalent of NaOH) 


t Malonyldi-(a-Benzoyl-l-Lysine)--A mide—C;0: was slowly passed 
i into a cold solution of 0.5 gm. of a-benzoy!l-l-lysine in 30 ml. of 
i +: 0.1 N borate buffer of pH 8.0. During this addition 11 ml. of 
Py Te 1 n NaOH were required to keep the pH constant. This corre- 
EA Pt sponds to a molar ratio of C;O, to amino acid derivative of 2.6. 
4 Bi After acidification and concentration, 0.25 gm. of product, 
} malonyldi-(a-benzoyl-l-lysine)e-amide, was obtained. This was 
recrystallized from water for analysis. It melted at 267-268° with 
decomposition. 


CopHyOsN,. Calculated, C 61.2, H 6.4; found, C 61.1, H 6.6 


5) in 30 ml. of 0.1 N phosphate buffer of pH 6.0 was isolated 0.35 gm. 
4 of the same diamide. The molar ratio of C;O, to amino acid was 
i) 2.6 here also. The product melted at 264-266°. There was not 

: enough for significant optical rotations to be made. Found, 
\ C 61.0, H 6.5. 


r 

t From a reaction between C;O2 and 0.6 gm. of a-benzoyl-l-lysine 
. 

% 





Tyrosine 


i i} Di-(N-Carbobenzozy-l-Tyrosyl) Malonate—A solution of 2.0 gm. 
| ‘ of N-carbobenzoxy-l-tyrosine (7) in 25 ml. of water was brought 





to a pH of 8.5 with several ml. of 1 n KOH and then shaken with 
1.4 molar equivalents of C;O2in toluene. After a period of shaking 
t 30 minutes at 0° and 60 minutes at room temperature, 10 ml. of 
1 n KOH had been added to keep the pH approximately constant. 
] The aqueous layer was then acidified with 1 N HCl upon which 
colorless rhombs of di-(N-carbobenzoxy-l-tyrosyl) malonate 
formed. The product, 2.01 gm., was recrystallized from methyl 
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alcohol and water for analysis. It melted at 135° with decom- 
position. 


Cs7HyOwNo. Calculated. C 63.6, H 4.9, N 4.0 
Found. ** 63.4, “ 5.2, “ 3.9 
Neutralization equivalent. Calculated, 349; found, 368 


The alkaline hydrolysis of 2.0 gm. of di-(N-carbobenzoxy-l- 
tyrosyl) malonate was followed by the recovery of 1.5 gm. of 
N-carbobenzoxy-l-tyrosine and 0.2 gm. of malonic acid. These 
quantities represent 83 and 67 per cent, respectively, of the 
theoretical for the accepted structure. 

Di-(N-Carbobenzoxy-l-Tyrosyl Methyl Ester) Malonate—Methyl- 
ation of 0.5 gm. of di-(N-carbobenzoxy-l-tyrosyl) malonate with 
diazomethane gave 0.4 gm. of the corresponding ester, which after 
recrystallization from ether and methy] alcohol formed long prisms 
melting at 145° with decomposition. 


CyoHssOyNe. Calculated, C 64.4, H 5.3; found, C 64.4, H 5.3 


Mono-(N-Carbobenzoxry-l-Tyrosyl) Malonate—The mother liquor 
from the preparation of di-(N-carbobenzoxy-l-tyrosyl) malonate 
above was concentrated in a vacuum to a volume of 5 ml. and 
cooled to 0°. 0.06 gm. of long prisms melting at 53° formed. 
These were recrystallized from hot water for analysis. 


CooHi9OsN. Caleulated. C 59.8, H 4.8, N 3.5 
Found. ‘* 50.8, * §.1,,° 34 


In order to make a comparison with the product from above, 
mono-(N-carbobenzoxy-l-tyrosyl) malonate was synthesized from 
malonyl monochloride and N-carbobenzoxy-l-tyrosine. 0.4 gm. 
of malonyl monochloride (8) was coupled at 0° with 1.0 gm. of 
carbobenzoxy-l-tyrosine in 20 ml. of water containing 8 ml. of 
1n NaOH. After a wash with chloroform, the reaction solution 
was made acid to Congo red with HCl and concentrated in a 
vacuum. The product, long prisms, weighed 0.4 gm. and melted 
at 52°, giving no depression in a mixed melting point determina- 
tion with the monoester from C;0,. On standing it gradually 
turned brown. Found, C 59.7, H 5.0. 
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Arginine 
a-p-Nitrobenzoyl-l-Arginine—Arginine monohydrochloride, 3.5 
gm., was coupled with 3.7 gm. of p-nitrobenzoyl] chloride in aque- 
ous solution in the presence of excess potassium carbonate. The 
product, 3.5 gm. of needles, was recrystallized from hot water for 
analysis. It melted at 226-228° with decomposition. 


Cy3H;7;0;Ns. Calculated, C 48.3, H 5.3; found, C 48.3, H 5.3 
la} = —80.5° 


a-p-N itrobenzoyl-l-Arginine and C;0,—From a reaction between 
C,0, and a-p-nitrobenzoyl-l-arginine at a pH of 8.5 and at 3° | 
the starting product was recovered in a yield of 86 per cent. The 
ratio of C;O, to amino acid was 1.7. The recovered product 
melted at 224-227°. [a]** = —75.3°. 

Similarly an 81 per cent recovery of a-p-nitrobenzoyl-l-arginine 
was obtained when C;O, was added at a pH of 6.0, the molar ratio 
being 2.04. This product melted at 226-228°, and its optical 
activity remained the same, [a]** = —80.8°. 

Histidine 

a-N-Benzoyl-l-Histidine and C;0.—A solution of 1.0 gm. of 
a-N-benzoyl-l-histidine (9) in 25 ec. of 0.1 N borate buffer of 
pH 8.0 was treated in the usual way with 2.26 molar equivalents 
of C;02. From the reaction solution after acidification and con- 


centration a 92 per cent recovery of unchanged starting material 
was obtained. A mixture with the original melted at 247°. 
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Serine 

N-p-Nitrobenzoyl-dl-Serine and C;0.—N-p-Nitrobenzoyl-dl- 
serine was prepared according to Fischer and Jacobs (10). A 
solution of 1.5 gm. of it in 30 ml. of 0.1 N borate buffer of pH 8.0 
was treated at 0° with C;0.. The molar ratio of the latter to the 
amino acid derivative was 1.3. There was obtained an 87 per 
cent recovery of the starting material, which gave an unchanged 
melting point of 198-200° when mixed with the original. 

Malonamide—An excess of C;O2 was passed into 2 per cent 
aqueous ammonium hydroxide at 0°. On concentration of the 
reaction solution, colorless octahedral crystals of malonamide were 
deposited. These melted at 169-170°. 
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THE DETERMINATION OF CHLORIDE IN SINGLE 
ISOLATED MUSCLE FIBERS 


By R. B. DEAN 


(From the Department of Physiology, School of Medicine and Dentistry, The 
University of Rochester, Rochester, New York) 


(Received for publication, August 12, 1940) 


It is frequently assumed that the chloride in muscle is entirely 
outside the fibers and that the tissue spaces contain chloride in 
equilibrium with the plasma or other external fluid. Reasons for 
this assumption are reviewed by Fenn (1) who found tissue 
spaces of 14.7 per cent in frog muscle. Maurer (2) found that the 
extracellular fluid collected from frog muscle had the same chlo- 
ride content as the plasma. Manery, Danielson, and Hastings 
(3) modified the theory to include connective tissue in the chlo- 
ride space. Conway, Kane, Boyle, and O’Reilly (4) using a 
method based on rates of diffusion concluded that only 9 per cent 
of frog muscle is tissue space and that the remaining five-four- 
teenths of the chloride is inside the fibers. When muscle is 
soaked in Ringer’s solution, the chloride space increases to 27 per 
cent but Conway et al. found the extracellular space to remain 
unchanged at 9 per cent. 

It would seem likely that chloride contained in connective 
tissue and in any fibers which might have become permeable to 
chloride because of injury would diffuse out more slowly than 
chloride in the tissue spaces and therefore the data of Conway 
et al. do not prove the existence of chloride inside uninjured muscle 
fibers. It seemed desirable therefore to measure the chloride 
content of single isolated muscle fibers. Certain difficulties par- 
ticularly in washing the fiber inevitably introduce some uncer- 
tainty into the results but it can be shown nevertheless that the 
figures are inconsistent with the theory of Conway et al. (4). 


Methods 


Chloride was determined by a modification of the ultramicro- 
method of Wigglesworth (5). From a waxed capillary pipette a 
113 
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standard volume (about 1 c.mm.) of AgNO; solution containing a 
little Fe(NO3)3 was delivered onto a waxed slide. From another 
pipette a similar drop of HNO; was added and the 2 drops were 
mixed with the sample. The resulting drop was covered with a 
micro bell jar and incubated to digest the tissue and coagulate 
the AgCl precipitate. The excess silver was then titrated with 
KCNS from a micro-Rehberg burette (6). The tip of the burette 
was immersed in the drop and stirring was accomplished by blow- 
ing a jet of air against one side of the drop, causing it to spin 
rapidly. 

Ceresin wax was used and the waxed slides had slight depres- 
sions melted in the wax with a hot glass rod to hold the drop. 
Micro bell jars 7 mm. in diameter were coated with wax and just 
before the drop was covered the edge of the jar was heated to 
melt the wax. In this way evaporation of the drop during 
digestion was prevented. The slides containing usually 3 drops 
were incubated overnight at 37° or in some cases for 2 days at 
30°. This treatment resulted in a clear light yellow drop with a 
very tough surface film which had to be broken before the drop 
could be stirred by an air jet. The silver solution contained about 
0.02 m AgNOs, 1 per cent FeNOs, and 10 per cent HNO;. The 
KCNS was about 0.01 M. 

A micro-Rehberg burette was made from a broken 0-110° 
thermometer. One end was drawn out to make a delivery tip. 
The capillary at the other end was expanded to make a shallow cup. 
A cylindrical steel chamber 1.2 em. in diameter and 2.5 em. long 
was made with a concentric hole just large enough to take the 
thermometer tubing and 1.5 cm. long. A thin hole threaded to 
take a 2-56 screw continued through the longitudinal axis of the 
chamber and was fitted with a screw bearing a large knurled head. 
The steel chamber was cemented to the thermometer tube with 
De Khotinsky cement. The whole burette was filled with mercury 
and air bubbles were removed by repeated evacuations in a tube 
connected to a water pump. The screw was lubricated with 
vaseline and the burette was always kept inclined at about 15° 
to the horizontal with its tip under water when not in use. One 
turn of the screw moved the mercury thirty divisions of the scale, 
delivering about 1 ¢mm. The volume delivered could be ad- 
justed to within one-quarter of a division with a little practice. 
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KCNS solution was drawn into the burette by immersing the 
tip in the solution and turning the screw back until the mercury 
was just above the zero line. The mercury was adjusted exactly 
to zero and the tip was then washed off with 10 drops of distilled 
water and wiped with filter paper. The tip of the burette was 
placed inside the drop to be titrated. A little wax on the outside 
of the tip facilitates stirring of the drop. 

The burette and KCNS solution were standardized by titrating 
a drop of 0.0055 m NaCl delivered from a waxed capillary pipette. 
The same pipette was then used to deliver a drop of 2.77 m NaCl 
which was titrated by the method of Keys (7). Assuming that 
the capillary pipette delivered equal volumes of the two con- 
centrations of NaCl, it was possible to calculate the chloride 
equivalent of one division of the burette. The KCNS solution 
was standardized several times in this way during the course of 
the work and the concentration was assumed to have changed 
linearly with time between successive standardizations. 

Single muscle fibers from the semitendinosus muscle of the 
frog Rana pipiens were kindly dissected out for this work by 
Dr. 8. F. Street (Ramsey and Street (8)). The fibers were dis- 
sected out in Ringer’s solution which was 0.114 m in chloride. 
They were mounted on platinum wire hooks attached to a glass 
rod so that the fiber was stretched approximately rest length 
parallel to the glass rod and about 5 mm. from it. 

All fibers were tested for conduction after being mounted and 
were considered to be normal if they gave a conducted response to 
a short tetanizing current from a Harvard inductorium. Some 
fibers designated as non-conducting gave only local twitches. 
Some fibers were rendered permeable to chloride by immersion in 
4 per cent formaldehyde in Ringer’s solution for a few minutes 
and were then equilibrated overnight in Ringer’s solution before 
being analyzed. 

The diameter of the fiber while still under Ringer’s solution was 
estimated at 3 to 5 points along its length by means of an ocular 
scale in a microscope with a low power objective. The magnifi- 
cation was calibrated by measuring the apparent diameter of a 
rod in Ringer’s solution. The true diameter of the rod was ob- 
tained with a machinist’s micrometer. Since the fibers showed 
some variation of diameter along their lengths, the average di- 
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ameter was taken to calculate the volume by the formula for the 
volume of a cylinder. Trial calculations with the more exact 
formula for the frustrum of a cone showed that this approximation 
introduced an error of less than 5 per cent. The length was es 
timated by comparison with a mm. scale, 0.5 mm. being left for 
attachment at each end. This approximate procedure was 
made necessary by the fact that the fiber shrinks while drying, so 
that the actual length cut off bore an unknown ratio to the length 
in Ringer’s solution. 

When the fiber was to be analyzed, the glass rod was lifted 
through the surface of the Ringer’s solution first and the film that 
adhered between the rod and the holder was broken. It was then 
possible to bring the fiber through the surface without having it 
pulled onto the glass rod by a contracting film of water. The 
fiber but not the glass holder was dipped for less than 1 second 
in a wash solution consisting of 9 parts of isotonic mannitol, 0.24 
M, and 1 part of isotonic sodium nitrate, 0.12 m. The wash solu- 
tion used in this work was chosen to give the advantages of a 
non-electrolyte washing fluid, good mechanical removal of ex- 
ternal fluid, and no opportunity for ion exchange, without produc- 
ing the striking electrical effects caused by complete absence of 
electrolytes (4). 

After the fiber was washed, the tendon attachments were 
blotted with filter paper and the fiber allowed to dry for about 
10 seconds. The dry fiber was then laid across a depression in the 
waxed slide and cut 0.5 mm. from each end with a razor blade. 
Drops of silver nitrate and -nitric acid were added and blown 
together over the fiber. It was found that drops of nitric acid 
ingest dry fibers with considerable force, so that it was often 
only necessary to free the ends of the fiber from the cut in the 
wax to get the fiber entirely inside the drop. When necessary 
the fiber was manipulated with very fine waxed glass needles. 

Horsehairs were mounted with wax on the ends of glass rods. 
The diameters were measured with a micrometer and the lengths 
of exposed hair with a mm. scale. After soaking in Ringer’s 
solution for 1 to 5 minutes, the hair was momentarily dipped in 
wash solution and then passed successively through the silver 
nitrate drop and 2 nitric acid drops. Controls carried out on 
hairs soaked in wash solution showed that this procedure did not 


affect the blank determination. 
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3 drops could conveniently be accommodated on a single slide 
and in practice the first and third of these were blanks, while the 
second contained the fiber. In this way errors due to unequal 
deliveries from the silver nitrate pipette could be detected. In 
general the blanks agreed to within one division of the burette. 


Results 


To control the method a number of fibers were treated with 
4 per cent formaldehyde in Ringer’s solution and analyzed for 
chloride. Whole muscle was also treated in formaldehyde and 
analyzed for chloride by the method of Keys (7). The fibers 
averaged 69 + 9.2 micromoles per cc. (1 micromole = 10~* mole), 
while whole muscle averaged 70 + 3.0 micromoles per gm. For- 
maldehyde combines with the free amino groups of proteins, 
liberating acidic groups from zwitter ion combination. The re- 
sulting increase in base-binding power presumably accounts for 
the low chloride concentration in the formaldehyde-treated mus- 
cle, since such fibers would otherwise be expected to contain 
about 91 micromoles per gm. of chloride. 

The close agreement of the chloride concentration in single 
fibers and whole muscle is an indication that the micromethod 
is suitable for the purpose. It also shows fairly certainly that no 
chloride had been washed out of the fiber. If allowance is made 
for the tissue spaces in the whole muscle, the single fiber values 
should be lower by 7 to 17 micromoles per gm., depending on the 
tissue space assumed. So it is possible that some Ringer’s solu- 
tion adhered to the surface of these fibers in spite of the washing. 

Normal fibers giving conducted responses were analyzed for 
chloride. The average chloride content of these fibers was 15.5 
micromoles per cc. +35 per cent. The results were also calcu- 
lated as the thickness of a surface film of Ringer’s solution which 
would contain all the chloride. The average thickness of such a 
surface film was 3.2 X 10° mm. +19 per cent. The fact that 
the variation in the results is so much lower when the chloride is 
assigned to the surface is an indication that the chloride found 
was probably present as a surface film. 

The results are shown graphically in Fig. 1 where the chloride 
concentration is plotted as abscissa and the diameter as ordinate. 
The line A-A is calculated for a 3 X 10° mm. thick film of 
Ringer’s solution outside a chloride-free fiber. If the chloride 
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were initially at a uniform concentration of 30 micromoles per cc. 
and a uniform external layer 10-° mm. thick had been washed free 
of chloride, the results would tend to fall along the line B-B. 
As is evident from Fig. 1, the results are more compatible with the 
hypothesis that the fiber is chloride-free but surrounded by a 
surface film containing 0.365 X 10°° mole per sq. mm., cor- 
responding to a film of Ringer’s solution 3.2 X 10~° mm. thick. 








8 
! 
! + 
| 
! 
,* 
. ° 
“" 
w 
= 
: e 
< 
o 7 ii 
A 





5 10 15 20 25 308 8=— 335 40 
CONCENTRATION 


Fic. 1, Chloride in single muscle fibers. The concentration is expressed 
in micromoles per cc.; the diameter in mm. The solid circles represent 
normal conducting fibers; the double circle, the average concentration and 
diameter of the solid circles; the open circles, non-conducting fibers; the 
crosses, bullfrog fibers. See the text for an explanation of the curves A-A 
and B-B. 


The experiments give no indication of where on the surface the 
chloride is located but it is logical to suppose that some of it is 
in the sarcolemma and the fragments of connective tissue that 
remain attached to the fiber after dissection. 

In an effort to extend the range of diameters, fibers from jumbo 
Louisana bullfrogs, Rana catesbiana, were analyzed. There was 
unfortunately such a wide range of values that the results are 
nearly worthless. It is possible that the two high values were 
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caused by partial injury or poor condition of the fiber, as fibers 
which gave only local responses all showed higher chloride content 
than conducting fibers. 

Horsehair with a surface film of Ringer’s solution was washed 
in the same way as the fibers and analyzed for chloride on the 
surface. The mean thickness of the surface film was 0.92 X 
10-* mm. +24 per cent. The results are shown graphically in 
Fig. 2 where the apparent concentration of chloride in the 
hair is plotted as abscissa against the diameter as ordinate. The 
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Fic. 2. Apparent concentration of chloride in horsehair. The units are 
the same as in Fig. 1. 


curve D-D is calculated for a uniform surface film of Ringer’s 
solution 0.92 X 10-* mm. thick. The absolute value for the 
thickness of surface film that can withstand the washing technique 
is less than the apparent thickness found for fibers, but that may 
be partially explained by the fact that the horsehair was stiff 
and moved faster through the washing solution. It also seemed 
to have less Ringer’s solution on its surface than the fibers. Of 
possible interest is the fact that the grouping of points around 
the line of equal thickness of film is similar in Figs. 1 and 2, the 
larger hairs having thinner films than the smaller ones. 
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DISCUSSION 


Although single muscle fibers were found to contain chloride 
sufficient to produce an average concentration inside the fiber of 
15 micromoles per cc., there is good evidence that most, if not 
all, of this chloride was on the surface of the fiber. The results 
showed a much lower probable error when calculated as the 
thickness of a surface film of Ringer’s solution containing all the 
chloride than when calculated as a concentration of chloride 
inside the fiber. Another expression of the same fact is apparent 
in the way that the experimental points group themselves around 
a line calculated on the assumption that all the chloride is present 
as a uniform surface film of Ringer’s solution. Horsehair models 
washed in the same way as the fiber showed surface films of Ring- 
er’s solution approximately one-third as thick as was calculated 
for the fibers but it seems likely that the horsehair was more effi- 
ciently washed because of its stiffness. 

Since it has been shown that all of the chloride contained in 
muscle can be washed out by isotonic sugar solutions (1) or sodium 
sulfate (4), it would be difficult to prove that a longer period of 
washing was not removing chloride from inside the fiber. In 
these experiments the fact that the chloride appears to be on the 
surface of the fiber is indicative that none had been washed out 
of the inside. 

It was impossible to blot the fibers thoroughly without causing 
injury which would be expected to make the fiber permeable to 
chloride, since fibers which gave only local responses had more 
chloride than fibers giving conducted responses. Both types of 
fibers had much less chloride than formaldehyde-treated fibers. 
It seems unlikely that isolated fibers could be completely free 
from chloride, since the sarcolemma and attached fragments of 
connective tissue probably contain chloride. The difficulty lies 
in the fact that the theoretical chloride-free fiber is not identical 
with the isolated fiber in its sarcolemma sheath. 

Conway et al. (4) deduced a chloride concentration inside fibers 
in equilibrium with Ringer’s solution of 21 micromoles per ce. 
which is clearly inconsistent with these results. They were prob- 
ably measuring the difference between the tissue spaces and total 
chloride, so the presence of 16 per cent of injured fibers containing 
chloride would produce the same result as a high internal concen- 
tration of chloride. It is possible when muscle is soaked in Ring- 
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er’s solution that some of the fibers lose their normal imperme- 
ability to chloride ions, thus accounting for the loss of potassium 
and equivalent gain of chloride which take place under these 
conditions. 

Conway and Boyle (9) derived equations from which it may be 
deduced that in Ringer’s solution the concentration of chloride 
inside a fiber permeable to chloride should equal the concentration 
of potassium in the Ringer’s solution outside. The solution used 
in this work contained potassium at a concentration of 1.4 micro- 
moles per cc. The hypothesis that the internal chloride concen- 
tration also equals 1.4 micromoles per cc. is just as consistent 
with these analyses as the hypothesis that the fiber contains no 
chloride. So, while this work does not confirm the work of Con- 
way, Kane, Boyle, and O’Reilly (4), it is not at variance with the 
theoretical treatment of a chloride-permeable fiber outlined by 
Conway and Boyle (9). 


SUMMARY 


Isolated frog muscle fibers were analyzed for chloride. An 
average concentration of 15 X 10-* mole per cc. of fiber was ob- 
tained but there were indications that most of this chloride was 
on the surface of the fiber. The results are not inconsistent with 
the assumption that the muscle fiber membrane is impermeable 
to chloride. 


I wish to express my thanks to Dr. S. F. Street who did all the 
arduous work of dissecting these fibers, and to Dr. W. O. Fenn 
for his helpful criticism throughout the work. 


BIBLIOGRAPHY 


. Fenn, W. O., Physiol. Rev., 16, 450 (1936). 

. Maurer, F. W., Am. J. Physiol., 124, 546 (1938). 

3. Manery, J. F., Danielson, I. 8., and Hastings, A. B., J. Biol. Chem., 
124, 359 (1938). 

4. Conway, E. J., Kane, F., Boyle, P., and O’Reilly, H., Nature, 144, 752 
(1939). 

. Wigglesworth, V. B., Biochem. J., 31, 1719 (1937). 

. Rehberg, P. B., Biochem. J., 19, 270 (1925). 

. Keys, A., J. Biol. Chem., 119, 389 (1937). 

Ramsey, R. W., and Street, 8. F., J. Cell. and Comp. Physiol., 12, 361 

(1938); 16, 11 (1940). 
9. Conway, E. J., and Boyle, P. J., Nature, 144, 709 (1939). 


noe 


CO mID 



































AN APPARATUS FOR THE STUDY OF RAPID CHEMICAL 
REACTIONS* 


By DELAFIELD DvBOIS 


(From the Laboratories of Physiology and Physiological Chemisiry, Yale 
University School of Medicine, New Haven) 


(Received for publication, August 12, 1940) 


In 1923 Hartridge and Roughton (1) described an apparatus for 
the kinetic study of certain chemical reactions, which was based 
on the so called ‘flow principle.’ Later Millikan (2) joined 
Roughton to continue this work. Essentially, the apparatus of 
Roughton and his coworkers consists of a glass “‘observation 
tube”’ connected with a small “mixing chamber.” The two solu- 
tions that are to react converge in the mixing chamber and then 
the mixture flows through the observation tube. If the reaction 
results in a change of color and if the flow along the tube is at a 
suitable and constant rate, the change of color occurs while the 
liquid is passing through the observation tube and the gradation 
of color along the tube remains fixed in position. If the rate of 
flow is known, the reaction time at any point along the tube may 
be calculated from its distance beyond the point of mixing. Color- 
imetric measurements by a photocell can be made at a number of 
points along the tube and a curve showing the kinetics of the 
reaction may be plotted. This procedure requires a fairly large 
amount of material and is therefore only satisfactory for sub- 
stances such as hemoglobin that can be readily obtained in quan- 
tity. Furthermore, since each point on the curve requires a 
separate experiment, the method is somewhat laborious. 

Since 1936 the writer and Dr. Kurt G. Stern have been studying 
certain rapid chemical reactions. 

Various arrangements have been used in the course of this 
work; e.g., a photoelectric method in which the solution of one 


* This work was aided by grants from the Jane Coffin Childs Memorial 
Fund for Medical Research and the Elizabeth Thompson Science Fund. 
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reactant was rapidly injected into the stationary solution of the 
second reactant (3) and a spectroscopic apparatus employing a 
falling plate camera for registration of the changes occurring dur- 
ing the reaction (4). The main reasons which led to the con- 
struction of the present machine were the desire to have the 
mixing more rapid and more reproducible and to study reac- 
tions of half times as short as 1 millisecond and as long as 100 
milliseconds by an automatic, recording apparatus requiring only 
small quantities of material. 

Thiel and Logemann (5) in 1934 described an apparatus of the 
flow type in which the observation tube was scanned during the 
experiment by a moving beam of light. By using a photocell and 
a recording galvanometer a record of the entire light absorption 
curve could be made in about the time required to get one point 
by the older method. This greatly reduced the total quantity of 
liquid that was required. In Thiel’s apparatus, the lamp, ob- 
servation tube, and photocell are all stationary, and moving prisms 
reflect the beam of light so that the light travels along the ob- 
servation tube. The present author felt that while Thiel’s idea 
should be followed in general it would simplify the construction 
to keep the light beam stationary and instead to move the ob- 
servation tube vertically through the beam of light. 

At Dr. Stern’s suggestion and with his help the writer undertook 
the construction of the apparatus described in this paper. 


Mechanical Construction 


Fig. 1 shows diagrammatically the mechanical construction of 
the apparatus. It is mounted on a heavy stand with a flat wooden 
table top. Through a slot in the top there passes a frame con- 
structed of steel shafting. This frame is guided by bearings and 
can slide vertically with respectto the table. Along the center 
line of the frame are two long machine screws which are turned 
by the operating mechanism. The top screw passes through a 
nut held stationary at the level of the table top and, when the 
screw is turned, the entire frame is raised or lowered depending 
upon the direction of rotation. The lower screw operates the 
two syringes which serve as the pumps of the machine. The 
observation tube is held by the frame just above the syringes and 
metal tubes connect the syringes with the bottom of the observa- 
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tion tube. The two screws are normally driven in opposite 
directions so that when the syringes are delivering liquids to the 
observation tube the tube is at the same time rising above the 
table. The storage vessels and the motor with its automatic 
limit switches and drive mechanism are not shown in Fig. 1. 
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Fie. 1. Diagram to show the mechanical construction of the apparatus. 
1 represents the observation tube, 2 syringes, 3 bearings, 4 nuts, 5 table top, 
6 screws, 7 3-way cocks, 8 pulley wheels, 9 glass liquid trap, 10 level of 
light beam, 11 calibration track, 12 lower table shelf. 


The light path in Fig. 2 is above the table top and extends from 
the light source on one side of the observation tube to the photo- 
cell on the other. Monochromatic light must usually be used and 
though glass and gelatin color filters were tried, it was found to be 
more convenient to install a monochromator for this purpose. 

There is a rotating sector in the light path to interrupt the beam 
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of light so that the output of the photocell may conveniently be 
amplified. This rotating sector is omitted if the light source is 
inherently pulsating, as for instance when an A.c. mercury arc 
lamp is used. 

The photocell is connected with an amplifier and this is followed 
by a recording galvanometer. Thus changes in light absorption 
along the observation tube are recorded by the curve traced on 
the photosensitive paper of the galvanometer camera (Cardiette). 

As the deflections of the galvanometer may not be proportional 
to the changes in light absorption, it is necessary to calibrate the 








Fic. 2. Diagram of table top to show optical arrangement. / represents 
the observation tube, 2 monochromator, 3 light source, 4 nut for screw, 
§ calibration track, 6 box containing photocell, 7 vertical slit, 8 harizontal 


slit. 


apparatus. For this purpose an automatic calibrating mechanism 
is provided. Between the observation tube and the box contain- 
ing the photocell there is a horizontal track which crosses the 
table top just beneath the path of the light beam and on this 
track runs a small carriage. This carriage holds two hollow glass 
wedges placed together to form a parallelogram. These wedges 
are filled with liquids which in light absorption are equivalent to 
the liquid in the observation tube before and after the reaction. 
When the calibration is to be made the observation tube is filled 
with water and then the carriage with the wedges is drawn across 
the light path by a speed-governed motor. The line traced by 
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the recording galvanometer in this case is the calibration curve; 
it is a straight line when the galvanometer deflection is inversely 
proportional to light absorption. 

To evaluate the curves it is necessary to know the rate of flow 
through the observation tube and the rate at which the tube is 
scanned by the beam of light. It is convenient to have these 
rates automatically registered on the photographic paper simul- 
taneously with the reaction curve. For this purpose two contact 
scales are provided, one of them to close an electric circuit at 
each cm. interval of syringe compression and the other to close an 
electric circuit at each em. interval of observation tube move- 
ment. These electrical circuits control two vacuum tube relays 
which in turn control the flashing of two small neon-mercury 
sign lamps located in the recording galvanometer. Small lenses 
and mirrors focus the signals from these lamps on the edges of the 
photographie paper. The recording galvanometer is also pro- 
vided with a time marker so that each curve taken is accompanied 
by a record of all the constants necessary for the calculation, pro- 
vided, of course, that the observation tube and syringes have 
previously been calibrated. 

The carriage which holds the calibration wedges is also pro- 
vided with a contact scale, and when the calibration curve is 
traced fiducial marks on the photographic paper indicate the ratio 
of thickness of the two wedges at ten points along the calibration 
curve. From these data it is possible to express the galvanometer 
deflections, recorded during the main reaction, in terms of per- 
centage of its completion. 


Optical System 


A movable bracket attached to the table holds the light source. 
This bracket is made in the form of an optical bench to hold any 
type of lamp desired. An 85 watt high pressure mercury vapor 
lamp (General Electric, type H-3) has been used during the hemo- 
globin experiments described below. A low voltage concentrated 
tungsten filament lamp (sound-track exciter lamp) has been used 
in other experiments. 

The monochromator which is made from a simple spectrometer 
of the Bunsen-Kirchhoff type focuses a vertical slit located close 
to the light source as a monochromatic line upon the observation 
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tube. A second slit, this one horizontal, is located as close to the 
observation tube as possible. Thus the observation tube is 
crossed by a narrow, rectangular beam of light. 

The photocell is placed behind the observation tube and at 
such a distance that the diverging beam of light illuminates the 
entire cathode. It is contained in a metal box, together with the 
first radio tube and the necessary batteries. At present a gas- 
filled cesium photocell (General Electric, type PJ-23) is being 
used. Although the output current of this tube is not strictly 
proportional to the intensity of the illumination, the fact that a 
calibration curve can always be made by the wedges permits its 
use. 

Slight mechanical vibrations in the optical tract were found to 
give serious irregularities in the camera record but this difficulty 
was overcome by bracing the optical parts very rigidly. 


Observation Tube 


A cylindrical glass observation tube, as used by Millikan (6), 
was first tried but the reaction curves obtained by scanning were 
very irregular. Thiel used an observation tube made of two long 
and narrow glass plates with a slotted strip of metal clamped 
between them. His mixing chamber was entirely of metal and 
rather difficult to make. We found that by using plates of a 
transparent plastic, instead of glass, a very good observation 
tube can be made. If the plastic is unscratched, it is optically 
as good as plate glass. Furthermore, since the plastic can be 
drilled and cut, the design and construction of the mixing chamber 
are much simplified. The plastic we have been ‘using is called 
Plexiglas and is made by the Réhm and Haas Company of Phila- 
delphia. Two strips of this plastic of 10 X 1 X } inches with a 
slotted metal spacer between them, an inch wide and 10 inches 
long, form the tube. The thickness of the spacer and the width 
of the slot milled in it determine the cross-sectional area of the 
tube. There are also in front and back slotted cover plates of 
heavy brass connected by screws passing through holes drilled in 
the plastic side strips and metal spacer. The back plate is fixed 
in position in the frame of the machine. There is no trouble due 
to leakage when the screws are tight. 

Undoubtedly the flow of liquid through a narrow tube of 
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rectangular cross-section is far from uniform. The rate will be 
relatively rapid at the center of the tube, slower along the sides, 
and still slower in the corners of the tube. There will, however, 
be a continuous interchange of liquid between these paths, and 
this turbulence will tend to prevent the liquid that has reacted 
to a certain extent from being spread out very far along the tube. 
Turbulence depends upon both velocity and geometrical shape, 
and a rectangular tube should show more turbulence than a 
circular tube. In any case, the optically determined reaction 
time represents an average value. The fast central column would 
actually reach the point corresponding to 50 per cent reaction 
further up the tube, and the slower columns not so far up. But 
the velocity value used in the calculations is also an average 
value, and so the errors involved tend to cancel each other out. 
Roughton and Millikan (7) in discussing this conclude that only 
negligible errors may be expected as due to this non-uniformity 
of flow. 

Two tubes have been made so far, one with a cross-section of 
0.05 cm. by 0.05 cm. and the other of 0.175 cm. by 0.1625 cm. 
The latter has been used in experiments with hemoglobin and 
erythrocruorin. 

Mixing 

As the plastic can be machined, it is possible to drill ducts 
through it to carry the reactants to the point where they meet. 
Ducts can also be made by grooving the inner surfaces of the 
plastic side strips or by engraving the sides of the metal spacer. 
There are many possibilities of design and a number of designs 
were tried. 

To study the efficiency of mixing, three methods of observa- 
tion were used. The first and simplest method was to use dilute 
ink in one syringe and water in the other, and to take photo- 
micrographs of the mixing. This method, however, does not 
permit one to distinguish between fair mixing and complete 
homogeneity. The second method was to use a bentonite sol! 
in both syringes and to place Polaroid disks (set at 45° each side 
of the vertical) before and behind the observation tube, as sug- 


1 The author wishes to thank Professor Hauser for this sol which con- 
tained particles of 80 to 200 my diameter. 
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gested by Hauser (8). With a low powered microscope the lines 
of flow due to the birefringence of the particles could be studied, 
but this method too does not show when mixing is complete. 
Finally, the well known Toepler schlieren method was used, the 
set-up consisting of a mercury lamp with a narrow horizontal 
slit followed by a large lens in front of the observation tube, and, 
then, at a distance beyond the tube, a horizontal adjustable knife 
edge and a telescope fitted with a camera. The large lens focused 
the image of the slit just above the knife edge and on the front 
lens of the telescope, while the telescope was focused on the 
observation tube. One syringe was filled with a 10 per cent 
solution of KCl and the other with water. When the liquids 
were flowing, the image of the lower part of the tube, where 
mixing was incomplete, appeared dark, but higher up, as mixing 
progressed, the image cleared, becoming bright when mixing was 
complete. 

In general it was found that a few high velocity mixing jets, 
entering at the base of the tube, were preferable to a large number 
of jets of lower velocity. Thus poor results were obtained with 
an eight jet mixer, since in this case the jet velocity could not be 
made very much greater than the velocity: of flow up the tube. 
One arrangement tried was to have two high velocity fan-shaped 
jets enter at the base of the flow tube, one from each side. This 
was done by scraping away the surface from a small area of the 
metal spacing strip on each side, just below the bottom of the 
central slot, and engraving ducts in the surfaces of the plastic 
side strips so as to bring the liquids to the scraped areas. The 
ducts could come to within a few mm. of the bottom of the ob- 
servation tube and if the scraping were carefully done very high 
jet velocities were possible. 

This mixing arrangement was later improved by the addition 
of a small “homogenizer” made on the colloid mill principle, and 
located at the bottom of the observation tube. To construct 
this, first a small slot crossing the bottom of the observation tube 
was filed in the metal spacing strip. Then two sections of small 
brass machine screws (2-56) cut to the length of the cross slot were 
pressed into that slot from either side so as to mesh in the center 
of the tube. These screws were soldered to the spacer at their 
ends to hold them in position and were then filed down to the 
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surface of the spacing strip. They were also filed from above to 
give a flat bottom to the observation tube. The result was that 
immediately after the initial mixing the reactants had to pass 
together through a 0.2 mm. zigzag slot, with great turbulence, 
appearing above the homogenizer ready for observation less than 
0.0005 second after their entrance below. 

When this arrangement was tested by the schlieren method 
no solid black phase could be seen, though there was a shading 
at the bottom of the tube to indicate that there some mixing was 
still in progress. This shading persisted for a distance of 3 mm. 
up thé tube (corresponding to about 0.005 second), gradually 
disappearing. Undoubtedly, mixing was largely completed in 
the homogenizer. 

A disadvantage of using synthetic plastics instead of glass is 
that the surface of the plastic is easily scratched. It cannot be 
rubbed without injury; even lens paper has to be used cautiously. 
It is perhaps better to clean it by soaking it in the solution of a 
detergent (e.g. Duponol).2 Also its temperature coefficient of 
expansion is so different from brass that it should not be left 
with the screws tight except when the machine is in use. The 
photocell responds to imperfections hardly noticeable to the eye 
and if the plastic is scratched the record curve of the experiment 
is irregular. 

Electrical Circuit 

The electrical circuit is shown in the wiring diagram, Fig. 3. 
The first tube is a Western Electric No. 259B tube, chosen for its 
low grid current. At the voltages applied it operates under 
“floating grid’’ conditions which allow the use of a high resistance 
in the circuit of the photocell, giving high sensitivity. It should 
be noted that this tube is not connected as an amplifier but as an 
“impedance changer” and is therefore only slightly sensitive to 
vibration. A low impedance circuit leads from this tube to the 
amplifier proper which is best located at a distance away from all 
mechanical vibration. The tubes that follow are all of the type 
6C6. The first set can be connected as pentodes if more amplifica- 
tion is desired. The last two are connected in parallel with the 


* Lately, carbon tetrachloride has been used for cleaning of the plastic 
strips with satisfactory results. 
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screen grids biased by a C battery. This C battery isadjusted so 
that when no light is falling on the photocell, the current output 
is only just above zero. Then when light impulses reach the 
photocell the galvanometer responds as it would to direct current. 


Procedure 


The procedure followed in testing is first to explore the reaction 
with the aid of small test cells, each having the same thickness 
as the observation tube, but holding only a few drops of liquid. 
A block of these cells is made by cutting notches in a strip of 
metal and by clamping sheets of plastic on each side. The metal 
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Fie. 3. Diagram of the electrical circuit 


strip has the same thickness as the spacer used in the construction 
of the observation tube. This block of cells fits on the carriage 
that is used for the calibration wedges, and the cells can be 
brought into the beam of light one at a time. These cells are 
used to determine the best wave-length of light for the experiment 
and also the concentration of the reactants that will give satis- 
factory curves during the test runs. It is, of course, desirable 
to have a large deflection of the galvanometer but the deflection 
had best be kept within certain maximum and minimum limits 
where it is fairly proportional to the light absorption. In the 
experiments with hemoglobin, with the 436 my Hg line, almost 
perfect proportionality was found when a 0.1 per cent hemoglobin 
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solution (0.2 per cent in the syringe giving a 0.1 per cent solution 
in the observation tube) is being reduced. If, however, much 
more concentrated solutions were used, the light extinction was 
excessive before the reaction was complete. 

Once, the suitable concentration of the reactants has been 
determined, it is possible to calculate the concentration to be used 
in the calibration wedges, which will give the same galvanometer 
deflection as found for the test cells, and the calibration curve is 
then made (see Fig. 4). 

Before the actual reaction curve is recorded, a control curve 
should be made with the syringes so filled that no reaction takes 
place in the observation tube. For instance, in the hemoglobin 
experiments one syringe was filled with 0.2 per cent hemoglobin 
and the other with water. This curve shows throughout the 
galvanometer deflection corresponding to the start of the reaction, 
modified by any irregularities that are due to the surface condition 








Fig. 4. Calibration curve, with straight lines superimposed 


of the observation tube. These irregularities will, of course, be 
repeated in the reaction curve and, if necessary, the final curve 
may be corrected for them. 

At the top of the observation tube there is a small glass trap 
that retains about 1 cc. of the liquid that has passed through the 
observation tube. After the reaction curve has been recorded, 
this liquid is sucked back into the tube, and a base-line correspond- 
ing to the level of 100 per cent completion of the reaction is added 
to the record by again starting the camera. Finally, the tempera- 
ture and pH of the reaction mixture are measured. 


Calculation of Results 


For any syringes used, the delivery of liquid in ce. per em. 
compression of the syringes must be measured. Let this be 
designated as V. For any observation tube used, the cross-sec- 
tion must be determined by a micrometer and measuring micro- 
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scope. Let this be A. The rate of flow along the tube is then 
A/V X S (seconds per em.) where S is the time in seconds re- 
quired for 1 em. of syringe compression. If the tube is rising at 
the rate of O seconds per em. and if the record shows that after a 
certain time (? seconds) the reaction has progressed to a certain 
extent (usually to 50 per cent completion), then the distance 
along the observation tube from the point of mixing to that stage 
of the reaction will be R/O cem., and the time required by the 
reaction to that point will be 4 = (A/V) & (SR/O). A/Visa 
constant to which a correction must be applied if the time marker 
in the camera is “‘fast’’ or “slow.” The final form of the equation 
is ¢ = k (SR/O) seconds. 

A sample reaction curve is shown in Fig. 5. The value of S 
is given by the distance between the centers of the syringe signal 





Fic. 5. A reaction curve with dimensional lines added for the purpose of 
calculation. S represents the time (by time seale) for 1 em. of syringe 
compression, (0) the time for 1 em. of observation tube movement, R 
the time for the observation tube to move through the light beam from the 
level of 50 per cent reaction to the level of the point of mixing. The cor- 
responding time of reaction is given by the equation fs) = k(SR/O). 


markings at the top of the record, expressed in seconds as measured 
by the time seale of the curve; and in the same way the bottom 
line of flow tube signal markings gives the value of O. 

In the determination of R the calibration curve must be con- 
sidered. The ordinate of the reaction curve corresponding to 
say 50 per cent reaction is equal in height to the center ordinate 
of the calibration curve (corrected by proportion if the maximum 
deflections of the two curves are not the same) and the position of 
this ordinate of the reaction curve must be located. The value R 
is measured horizontally from this ordinate to a vertical line 
drawn through the point on the curve corresponding to the point 
of mixing. It is expressed in seconds according to the time scale 
of the curve. The point of mixing is given as the center point 
of one of the lower line of signal marks. The maximum deflection 























D. DuBois 135 


used in the calculation of R is slightly greater than the maximum 
deflection of the curve. It is found by extending the curve to 
meet the vertical line of the point of mixing. The reason for 
this discrepancy is that the beam of light has a vertical dimension 
and that, at the point of mixing, half of the light is already cut 
off by the base of the observation tube. 

If the calibration curve is a straight line, the ordinate corre- 
sponding to 50 per cent reaction is equal to half the ordinate at 
the point of mixing. 




















TaBie I 
Half Time Values (ts9) As Measured during Dissociation of Human 
Oxyhemoglobin 
Temperature pH | tso Temperature pH tee 
| ede. 
°C. | sec, °C. sec, 
24 0.080 25 8.4 0.034 
20 8.6 | 0.028 | 26 8.64 0.036 
26.5 8.9 0.0222 _, 2.5 | 8.45 0.028 
26.5 8.9 0.022 26 | 8.64 0.033 
27 8.4 0.02066 j. 27 | 8.4 | 0.027 
26 8.4 0.026 | 27.1 | 8.4 | 0.028 
26 9.5 0.024 | @ | 8.6 | 0.027 
26 9.5 0.024 27 | 8.6 | 0.030 
23 8.65 0.036 
SUPERS 5 facecuss csuasbesuse fu peheeaeienesaess ee 0.028 
Tests on Hemoglobin 


In order to check this apparatus as it was being developed, and 
also to obtain additional data, a series of determinations of the 
time required for the half reduction of human oxyhemoglobin 
was made. Millikan (9) gives this as 0.038 second at 22° and pH 
8.6. He also shows that the rate is independent of pH for values 
above 8.1. 

In these tests mixed blood samples from the New Haven Hos- 
pital were used. The corpuscles were washed with saline at the 
centrifuge, laked, and, after sedimentation of the ghosts at high 
speed, the hemoglobin was diluted to 0.2 per cent with a 0.2 m 
borate buffer of pH 8.6. The reducing agent was sodium hydro- 
sulfite, 500 mg. of which were dissolved in 100 ce. of 0.2 m boiled 
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borate buffer, adjusted to give a pH of approximately 8.6 to the 
reaction product. 

Disregarding the earliest experiments which were inaccurate 
due to the method used in taking a base-line, we give results 
obtained since October, 1939 (Table I). 

These results are somewhat lower than Millikan’s ts value of 
0.038 second but the temperatures were higher, which might 
account for some of the discrepancy. However, considering the 
differences in construction of the two machines, the agreement 


appears rather satisfactory. 


SUMMARY 


An apparatus has been built for the study of the kinetics of 
certain rapid chemical reactions. This apparatus is a modification 
of that described by Thiel and Logemann and is based on the 
Hartridge-Roughton flow principle. The machine records auto- 
matically, in the form of a curve on a time scale, the changes in 
light absorption that occur during the reaction. 

The novel features of the apparatus are: 

1. The observation tube moves vertically through a fixed 
beam of monochromatic light so that the light scans the tube 
during the reaction. 

2. The observation tube is formed with bars of transparent 
plastic, and the ducts which carry the reactants to the point at 
the base of the observation tube, where they mix, are cut or drilled 
in this plastic material. _ 

3. The process of mixing has been studied by various optical 
methods including the schlieren method, and from a number of 
mixing arrangements tried one has been selected which gives 
satisfactory mixing. This mixer is built on the homogenizer or 
colloid mill principle. 

4. A double wedge calibrating device is used to trace a calibra- 
tion curve of the apparatus as a whole. 

5. As the apparatus functions, small lights flash and make 
fiducial marks on the edges of the photographic record. These 
marks together with the reaction curve complete the data neces- 
sary for a calculation of the kinetics of the reaction under study. 

Tests made on the reduction time of oxyhemoglobin are com- 
pared with previous results reported by Millikan. 
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Addendum—While the present paper was being prepared for publica- 


tion, Chance described an ingenious, recording apparatus (10) employing 
the ‘‘accelerated”’ and the “‘stopped’’ flow principles for the study of 
rapid reactions. The time range covered by the apparatus of Dr. Chance 
(0.3 millisecond to 60 seconds) and its fluid economy are similar to those 
characteristic of the arrangement here described. 
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ANTICOMPLEMENTARY FACTOR IN FRESH YEAST* 


By L. PILLEMER anp E, E, ECKER 


(From the Institute of Pathology and the University Hospitals, Western 
Reserve University, Cleveland) 


(Received for publication, August 16, 1940) 


Although the inactivation of complement by yeast cells was 
described by von Dungern (1) as early as 1900, the nature of the 
phenomenon has remained obscure. 

It has been established by Coca (2) that the inactivation by 
yeast is due to the removal or destruction of a relatively heat- 
resistant fraction of complement, and not to the introduction of 
inhibiting substances. Furthermore, Whitehead, Gordon, and 
Wormall (3) employed a zymin preparation, and found that it 
combined either physically or chemically with the third component 
of complement. 

The present report deals with the preparation of an insoluble 
fraction from fresh yeast which can inactivate, specifically, the 
third component of complement. 


Materials and Methods 


The method of McAnally and Smedley-MacLean (4) was used 
to fractionate the yeast, but the employment of 40 per cent KOH, 
as called for in this method, appeared to be too drastic, inasmuch 
as the resultant insoluble fraction had little or no ability to inac- 
tivate the third component of csmplement. The method em- 
ployed for the preparation of the insoluble, active fraction follows. 

500 gm. of fresh Fleischmann’s yeast were suspended in 2 
liters of 0.5 m NasHPO,, boiled for 1 hour, and then cooled. 0.5 
gm. of purified trypsin (Wilson special trypsin) was added together 
with a few drops of toluene, and the mixture was incubated at 
37° for 16 days. At the end of this time the mixture was negative 


* Aided by « grant from the Commonwealth Fund. 
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to protein tests. The supernatant fluid was decanted and dis- 
carded. 2 volumes of 95 per cent ethyl alcohol were added to the 
residue; the latter was then filtered and washed six times with 
95 per cent alcohol. The supernatants and washings were dis- 
carded. The precipitate (Fraction A) was added to 4 liters of 
warm water, boiled for 30 minutes, and allowed to settle; the 
supernatant was syphoned off. This process was repeated two 
times. The original precipitate (Fraction A) was boiled several 
times with distilled water and centrifuged each time while hot, 
the process being repeated until the acid hydrolysis products of 
the supernatant liquids failed to reduce Fehling’s solution. The 
residue was washed repeatedly with absolute alcohol and dried 
as completely as possible. The dried material was then refluxed 
for 3 hours with absolute alcohol, filtered, and finally dried in 
vacuo. The resultant product was a fine, almost white, hygro- 
scopic powder, which was insoluble in hot water, organic solvents, 
and cold alkali. The yield was about 2 per cent. Chemical 
analysis revealed carbohydrate 94 per cent, nitrogen 1.78, mag- 
nesium 2.43, phosphorus 0.4. This fraction was labeled the “‘in- 
soluble fraction,” and it proved to be the agent responsible for 
the inactivation of the third component. 

This material was further fractionated by the following pro- 
cedure. 

2 gm. of the insoluble fraction were added to 100 ec. of cold 1 N 
HCl, and the mixture was kept overnight in the refrigerator at a 
temperature of about 3°.. The suspension was then centrifuged, 
and the supernatant, which contained the magnesium-phosphorus 
complex (4) was decanted. The precipitate (Fraction B) was 
added to 1 liter of warm water, boiled for 1 hour, and centrifuged 
while hot. The undissolved material was boiled again several 
times with distilled water, and processed by a method similar to 
that used in the preparation of the original insoluble fraction. 
The product was designated as Fraction C, and contained 0.54 
per cent nitrogen. All of the insoluble fractions were stored in 
vacuo, since, upon long exposure to air, they adsorbed moisture 
and changes occurred so that they no longer inactivated the 
third component. When such changes occurred, the original 
activity was restored by refluxing the material again with absolute 


alcohol. 
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Immunological 


The methods employed in this laboratory for complement titra- 
tions and for reactivation procedures have been previously de- 
scribed (5). The following method was used in testing the frac- 
tions. 

Various amounts of the insoluble fractions were added to 50 
volumes of distilled water, boiled for 30 minutes, and centrifuged. 
The supernatants were drained, and the residues allowed to cool. 
1 ee. of fresh guinea pig serum was added to each fraction, thor- 
oughly mixed with the fraction, and the suspensions were placed 
in a water bath at 37°. The mixtures were shaken by hand every 
10 minutes. After incubation for 2 hours, the mixtures were 
made up to 10 cc. with 0.9 per cent NaCl solution and centrifuged 











TaBLe I 
Action of Various Constituents of Yeast on Third Component of Complement 
| Minimal amount 
Yeast fraction inactivation of third 
es 

mg. 
Fraction A......... te eh PA ai ea a aaee 250 
” Daddies. .) See os oe ae 50 
Insoluble fraction... 3 sie wecciinen/ toes ioiiaiieal 10 
Fresh yeast.......... —_ Hidsadn Hen iinibesat cae 250 





clear. The pH of the supernatants was adjusted to 7.2, and com- 
plementary activities were immediately determined. Reactiva- 
tion experiments were carried out directly afterward. The soluble 
fractions were added directly to 1 ce. of serum, and treated there- 
after in the same manner as were the insoluble fractions. The 
amounts employed and the anticomplementary action of each 
fraction are given in Table I. 


Results 


It is seen in Table I that the insoluble fraction inactivated the 
third component of complement in amounts only one-twenty- 
fifth of the required amount of fresh yeast. After the cold HCl 
treatment of the insoluble fraction, which resulted in a loss of 25 per 
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cent of the carbohydrate, a loss of 70 per cent of the total nitrogen, 
and a loss of 75 per cent of the magnesium-phosphorus complex, 
the insoluble fraction still possessed marked anticomplementary 
power. None of the soluble fractions inactivated the third component. 
Since all of the active, isolated fractions were insoluble, it is al- 
together possible that the inactivation of the third component is 
due to an adsorption of a heat-resistant component of blood serum. 
Further study of the phenomenon is in progress. 


SUMMARY 


An insoluble fraction isolated from fresh Fleischmann’s yeast is 
the agent responsible for the anticomplementary properties of 
the yeast. 

It is suggested that the inactivation of the third component of 
complement is due to the adsorption of a relatively heat-resistant 
fraction of blood serum. 
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OSMOTIC PRESSURE OF EGG ALBUMIN SOLUTIONS 


By HENRY B. BULL 


(From the Department of Chemistry, Northwestern University Medical School, 
Chicago) 


(Received for publication, June 13, 1940) 


Values for the molecular weight of egg albumin have been re- 
ported on numerous occasions. There is, however, a disconcerting 
lack of agreement between these values as is shown in Table I. 

It is the purpose of this paper to attempt to eliminate some of the 
uncertainty regarding the molecular weight of egg albumin, with a 
new and simple osmotic pressure apparatus. Some related 
considerations are reported. 


EXPERIMENTAL 


The form of the osmotic pressure apparatus finally adopted was 
inspired by that of Oakley (12). Its construction, shown in 
Fig. 1, is largely self-explanatory. All glass parts were made of 
Pyrex. The capillary tube which was 0.2 mm. in diameter was 
furnished by the Corning Glass Works. Its uniformity of bore 
was tested and found to be sufficient for our purposes. The col- 
lodion sac which contains the buffered protein solution is attached 
to the indicated glass tube by first coating the glass tube with 
stop-cock grease and then slipping the sac over the end of the tube 
and winding tightly with rubber bands. The 2-hole rubber stop- 
per, with the collodion sac filled with buffered protein solution 
(about 20 cc. are required for each experiment) in place, is coated 
with stop-cock grease and inserted into the larger tube which is 
completely filled with buffer. The rubber stopper is held in place 
by means of a metal clamp (not shown in Fig. 1). Toluene is 
added from the top of the capillary and forced down the capillary 
with a gentle air pressure. Small, 1-hole, rubber stoppers are 
placed in the tubes containing the buffer solution and the protein 
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solution. Their purpose is to decrease evaporation during the 
experiment. 

The whole apparatus is clamped in a fixed position in a constant 
temperature bath at 25°. The stop-cock is allowed to remain 
open and the levels of the menisci of the buffer solution, of the 
protein solution, and of the toluene observed with a cathetometer. 


TABLE | 
Values for Molecular Weight of Egg Albumin Reported by Various Workers 
Biblio- 
graphic 
Method Mol. wt. Workers refer- 
ence 
No. 
Osmotic pressure 34,000 | Sérensen 1 
Chemical analysis 33,800 | Cohn, Hendry, 2 
Prentiss 
Ultracentrifuge (equilibrium) 34,500 | Svedberg and 3 
Nichols 
Recalculation of Sérensen’s data 43,000 Adair 1 
Osmotic pressure 43,000 | Marrack and Hewitt) 5 
- ** (1 determination) .| 36,000 | Burk and Greenberg 6 
i ” 46,000 | Taylor, Adair, 7 
Adair 
Chemical analysis 35,700 | Bergmann and Nie- 8 
mann 
Ultracentrifuge (equilibrium) 40,500 | Svedbergand Peder- 9 
sen 
- (sedimentation) 44,000 | Svedberg and Peder- 9* 
sen 
Chemical analysis 36,800 | Bernhart ll 
Osmotic pressure. . 45,160 | Bull (present  in- 


vestigation) 


* If the diffusion constant of Polson (10) is used, a molecular weight of 
44,500 is obtained. 


The stop-cock is then closed. The toluene meniscus immediately 
begins to drop as buffer solution flows into the collodion sac. 
Equilibrium is usually attained within 2 hours, although observa- 
tions are continued for several hours thereafter to be certain that 
equilibrium has been reached (usually overnight). At the end of 
the experiment the stop-cock is opened and the initial levels of the 
buffer solution, of the protein solution, and of the toluene are 
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checked. The difference in the level between the protein solution 
and the buffer solution is converted into em. of water. Likewise 
the difference in the level between the initial and equilibrium 
positions of the toluene meniscus is converted into cm. of water. 
The osmotic pressure is calculated as the sum of these two 
pressures. 

This method of calculation introduces two small errors. During 
a measurement the toluene-buffer meniscus also drops, owing to 
flow of buffer into the collodion sac. This means that the change 








b-———-—--—— + 
10 Centimeters 


Fic. 1. Osmotic pressure apparatus 


in hydrostatic pressure will not be exactly given by multiplying 
the change in height of the toluene-air meniscus by the specific 
gravity of toluene. The change in level of the toluene-buffer 
meniscus is so extremely small, however, owing to the size of the 
capillary, that it has been neglected. Another error which is 
somewhat ambiguous arises from the fact that the specific gravities 
of the buffer solution and the protein solution are not exactly 
equal, which means that the hydrostatic pressure difference 
between the outside and inside of the collodion sac is not every- 
where the same and is not exactly equal to the difference in level 
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between the buffer and protein solution menisci multiplied by the 
specific gravity of the protein solution. Calculation shows that 
this error amounts to less than 1 per cent even in the more concen- 
trated protein solutions. Neglecting this correction tends to give a 
lower osmotic pressure than is actually the case and accordingly a 
smaller molecular weight would be obtained if the correction were 
applied. Actually, this effect is almost exactly counterbalanced 
by a neglect of protein hydration to be discussed later on. 

The apparatus is easily and quickly constructed at a very modest 
cost. The only part of it which requires some skill and practice 
to make is the collodion sacs. These should be uniform and of the 
proper porosity. The method used is to fill a clean test-tube of the 
proper dimension with Merck’s v.s.p. collodion. The tube is then 
emptied as completely as possible of collodion, but not allowed to 
drain. The tube is then rotated slowly in a horizontal position 
until the collodion is dried sufficiently so that it does not flow. 
The tube is then connected to a vacuum line and dried for 15 
minutes. The tube receives another treatment with collodion and 
is again dried. The sac is then removed from the test-tube with 
the aid of water. 

During an experiment, the temperature of the water bath fluc- 
tuated between certain narrow limits. This fluctuation in tem 
perature produced expansions and contractions of the fluid within 
the osmotic pressure apparatus which were reflected in movements 
of the toluene meniscus. These movements of the toluene 
meniscus amounted in some cases to as much as 2mm. _ In order 
to measure the osmotic pressure, it was necessary to plot the 
position of the toluene meniscus as a function of time at minute 
intervals for 10 minutes, and then draw a median line through the 
distorted sine wave curve. The median line was taken to repre- 
sent the true pressure. 

The egg albumin was prepared by the method of Kekwick and 
Cannan (13) and recrystallized three times. It was then dialyzed 
against distilled water until it was sulfate-free. The protein 
concentration was determined by drying a given volume of the 
solution to a constant weight at 105° in a vacuum oven. Three 
preparations of egg albumin were used in this investigation; the 
results from the three preparations were indistinguishable. 
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Results 


Fig. 2 shows the course of attainment of osmotic equilibrium 
across an unusually dense collodion sac (required a longer time 
than usual to reach equilibrium). The lower curve gives the 
results for equal concentrations of buffer inside and outside of the 
collodion sac, while the upper curve illustrates what happens 
when the concentration of the buffer inside (0.1 M) is twice as great 
as that outside (0.05 m). Evidently the same osmotic pressure 
is attained irrespective of initial distribution of buffer and accord- 
ingly small errors in buffer concentrations will not affect the results. 
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Fia. 2. Registered osmotic pressure as a function of time. The lower 
curve represents 0.05 n sodium acetate buffer inside and outside the col- 
lodion sac; the upper curve, 0.05 N sodium acetate buffer outside and 0.10 N 
inside. 


Table II shows the osmotic pressure data of egg albumin solu- 
tions in a 0.05 m sodium acetate buffer at pH 4.70. The molecular 
weights have been calculated by use of the equation of Burk and 
Greenberg (6), M = CdRT/100P, where C is the protein concen- 
tration in gm. per 100 gm. of buffer solution, d is the density of the 
buffer solution, R is the gas constant and is expressed in cc.-cm. of 
water per degree, 7’ is the absolute temperature, and P is the os- 
motic pressure in cm. of water (at 25°). Inserting numerical 
values for the constants, we have M = 2.530 x 10° X C/P. 

In the calculation of the molecular weight of egg albumin the 
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first two values in Table II were excluded because it was felt that 
the osmotic pressures were so small in these two cases that these 
determinations were not very accurate. The average of the 
remaining twenty-one values was 45,160 with a standard deviation 


of the mean of 180. 





Tasie Il 
Osmotic Pressure of Egg Albumin Solutions 








Protein concentration | Water pressure Cc Mol. wt. 
per 100 gm. buffer (25°) P 
gm. em. 
0.085 0.540 0.1574 39 ,822 
0.257 1.289 0.1994 50,448 
| 

0.342 1.981 0.1726 43 , 668 
0.428 2.441 0.1753 44,351 
0.514 2.874 0.1788 15,236 
0.687 3.837 0.1790 45, 287 
0.859 5.020 0.1711 43 , 288 
1.032 5.917 0.1744 44,123 
1.292 6.981 0.1851 46 , 830 
1.553 8.772 0.1770 44,781 
1.729 9.405 0.1838 46,501 
1.948 10.980 0.1774 44,882 
2.080 11.609 0.1792 45,338 
2.168 12.203 0.1777 44,958 
2.484 13.933 0.1783 45,110 
2.610 14.547 0.1794 45, 388 
2.610 14.560 0.1793 45,363 
2.906 16.146 0.1800 45,540 
3.230 17.889 0.1806 45,692 
3.230 17.904 0.1802 45,601 
3.230 17.749 0.1818 45,995 
3.502 19.603 0.1786 45,186 
0.1788 45, 236 


3.759 | 21.019 


DISCUSSION 


The molecular weight of 45,160 for egg albumin is in keeping 
with the osmotic pressure measurements of Adair et al. It is 
somewhat higher than that obtained by the ultracentrifuge and 
is not in agreement with the result from chemical analysis as 
calculated by Bergmann and Niemann (8). 
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It is to be emphasized that molecular weights calculated from 
osmotic pressure as reported in this paper are anhydrous molecular 
weights. What an osmotic pressure measurement does in essence 
is to indicate the number of particles which cannot pass through a 
membrane in a given weight of solution. The concentration of 
protein in solution is expressed on a dry weight basis and accord- 
ingly the molecular weight calculated on this basis gives a dry 
molecular weight. There is a small error introduced by the neglect 
of hydration. For example, egg albumin in solution is hydrated 
to the extent of about 36 per cent (14). This means that for a 
solution containing 2 gm. of egg albumin in 100 gm. of buffer 
solution 0.72 gm. of water is bound and presumably not avail- 
able to act as solvent for the protein. The concentration of the 
protein is then effectively 100.72 per cent of the calculated value 
and accordingly the molecular weight would be greater if this 
correction were applied. As indicated previously, this error is 
in the opposite direction to and of the same order of magnitude as 
that introduced by the neglect of the difference in density of the 
protein solution and of the buffer solution. Both corrections 
have been neglected. 

Both hydration and molecular asymmetry tend to increase the 
viscosity of protein solutions and to decrease the rate of diffusion 
of proteins in solution. It has not been possible to separate the 
influence of these two factors, and accordingly their true réle 
in diffusion and in viscosity remains ambiguous. It is interesting 
to consider the case of egg albumin in light of the present research 
together with work reported in the literature. 

Since, as indicated, egg albumin is probably hydrated to the 
extent of 36 per cent, its hydrated molecular weight must be 136 
per cent of its anhydrous molecular weight. The anhydrous 
molecular weight is, as we have shown in the present investigation, 
45,160 and accordingly the hydrated molecular weight of egg 
albumin is 61,438. The density of egg albumin containing 36 
per cent water is 1.202 (14), and, therefore, the hydrated molecular 
volume of egg albumin is 51,113. If the egg albumin molecules 
be assumed to be spherical, the radius of the molecule is calculated 
to be 2.72 X 10-7 cm. Substituting this value in the Sutherland- 
Einstein diffusion equation for spherical particles, we find the 
diffusion constant of hydrated, spherical egg albumin molecules 
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in pure water and at 20° to be 7.79 X 10~’ sq. cm. per second. By 
the same method of calculation the diffusion constant of unhy- 
drated, spherical egg albumin molecules (molecular weight of 
45,160 and density of 1.34) in pure water and at 20° is 8.96 K 10-7 
sq. em. per second. The experimental value for the diffusion 
constant at 20° and in pure water is 7.76 X 10~’ sq. cm. per second 
(10). The agreement between the diffusion constant calculated 
for hydrated, spherical molecules and the experimental value 
is indeed remarkable and indicates that the egg albumin molecule 
is substantially spherical. It will be recalled that the above 
argument is practically identical with that of Adair and Adair 
(15). This type of calculation should be applied to other proteins 
in addition to egg albumin. 

If 124 is granted as the average residue weight of egg albumin 
(8) and the carbohydrate content (16) is subtracted from the 
weight of the protein, the total number of residues in the egg 
albumin molecule is 354. This contrasts sharply with the value 
of 288 residues calculated by Bergmann and Niemann (8). 


SUMMARY 


1. An apparatus is described for the rapid and accurate deter- 
mination of the osmotic pressure of protein solutions. 

2. The molecular weight of egg albumin has been determined 
by osmotic pressure measurements and found to be 45,160. It is 
emphasized that this is an anhydrous molecular weight. 

3. The hydrated molecular weight of egg albumin has been 
estimated to be 61,440. The diffusion constant of a spherical 
particle with this molecular weight has been calculated and 
compared with the experimental value. The close agreement of 
the two values is taken to indicate that the egg albumin molecule 
is essentially spherical. 

4. The number of amino acid residues in egg albumin is caleu- 
lated to be 354. 
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The general equation approximately describing the reactions 
by which methane-producing bacteria obtain their energy is 


4H,A + CO, — 4A + CH, + 2H,0 (1) 


where H2A represents an oxidizable compound, and A its oxidation 
product (1, 2). In this paper we shall consider principally three 
questions. (a) What oxidizable compounds can be used by 
Methanobacterium omelianskii and what transformations do they 
undergo? (b) What substances, if any, can replace CO, as an 
oxidizing agent? (c) How much of the substrate carbon is 
converted into cell material and what is its source, CO, or H,A? 


Oxidation Reactions 


Qualitative Experiments—The ability of Methanobacterium 
omelianskii to oxidize various organic compounds has been deter- 
mined by growth experiments with the following medium (Medium 
B) made up with tap water, oxidizable compound 0.3 to 1.0 per 
cent, KeHPO, 0.5, KH2PO, 0.7, (NH4)2SO, 0.03, MgSO,-7H,O 
0.01, FeSO,-7H,O 0.001, and 2 per cent by volume of a saturated 
CaSO, solution. Immediately after autoclaving 1.0 to 1.5 ce. 
of a 1 per cent NaS-.9H,O solution and 5 to 8 ce. of a 5 per cent 
NaeCO; solution are added per 100 cc. The final pH is 7.4 to 
7.7. All cultures were incubated under strictly anaerobic con- 
ditions at 35-38°. The details of the cultural technique and a 
description of the pure culture used are given elsewhere (3). 
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The experiments show that the only types of compounds uti- 
lized by Methanobacterium omelianskii are simple primary and 
secondary alcohols. Ethanol, n-propanol, isopropanol, n-butanol, 
isobutanol, secondary butanol, and n-pentanol are oxidized. 
It is probable that higher alcohols of the same types can also be 
oxidized, though they have not been tested. Methanol and terti- 
ary butanol are not attacked, nor are any of the other common 
organic substrates tested. These include formate, acetate, 
propionate, n-butyrate, n-valerate, lactate, malate, succinate, 
glucose, glycerol, mannitol, 2,3-butylene glycol, yeast autol- 
ysate, and tryptone. It is particularly noteworthy that neither 
the fatty acids nor glucose is decomposed. 

It should be mentioned here that although media containing 
formic acid as the sole oxidizable constituent cannot support the 
growth of Methanobacterium omelianskii, formic acid can under 
certain conditions be decomposed. The decomposition of formic 
acid will be discussed further below. 

The products of the oxidation of primary alcohols are the 
corresponding fatty acids. Acetic acid formed by the oxidation 
of ethanol was identified by the sodium uranyl] acetate micro- 
chemical reaction and was shown to be pure acetic acid by Du- 
claux distillation. The other volatile acids (propionic, n-butyric, 
isobutyric, and valeric) were both identified and shown to be 95 
to 100 per cent pure by the Duclaux method. 

The secondary alcohols, isopropanol and isobutanol, are oxidized 
to the corresponding ketones, acetone and ethyl methyl ketone. 
These ketones were identified by the melting points of their 
2 ,4-dinitrophenylhydrazones. 

The quantities of the various oxidation products were in all 
instances fairly large. Although in this particular set of experi- 
ments accurate determinations of the quantities of aleohol oxidized 
and of products formed were not made, the two were undoubtedly 
of the same order of magnitude. 

Oxidation of Ethanol. Quantitative Experiments—It has been 
shown above that acetic acid is the only volatile acid formed from 
ethanol. This does not exclude the possibility that other prod- 
ucts such as carbon dioxide are also formed. Although a com- 
plete oxidation of ethanol appeared improbable in view of experi- 
ments previously carried out with enrichment cultures (1), still 
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it seemed highly desirable to check the point experimentally with 
a pure culture. Quantitative carbon balance experiments were 
therefore undertaken. 

The fermentations were carried out in all-glass vessels contain- 
ing about 250 cc. of Medium B. Incubation was at 37°; oxygen 
was removed by oxsorbent, an acid chromous chloride preparation. 
The evolved gases were collected over mercury. Samples of the 
medium were removed for analysis immediately after inoculation 
and after the fermentation had ceased (5 to 10 days). Ethanol 
was separated by distillation and estimated by Northrop’s method 
(4). Acetic acid was determined by direct steam distillation and 
titration after suitable corrections for carbon dioxide and in- 
complete recovery were applied. Dissolved carbon dioxide was 
estimated by the Van Slyke manometric technique (5); gaseous 
carbon dioxide and methane were collected over mercury and were 
determined by ordinary methods of gas analysis. Dissolved 
methane was calculated from solubility data. 

The results of four such experiments are presented in Table I. 
The experiments differ with respect to the substance limiting the 
catabolic reaction. In Experiments 1, 2, and 3, ethanol was 
present in excess; the quantity of carbon dioxide therefore de- 
termined the amount of alcohol oxidized. In Experiment 4 
carbon dioxide was present in excess and ethanol was limiting. 

Experiments 1, 2, and 3 of Table I show that acetic acid accounts 
for 93 to 96 per cent of the ethanol oxidized. The discrepancy 
between the ethanol oxidized and acetic acid formed cannot be 
due to a production of carbon dioxide, since if this occurred the 
net disappearance of carbon dioxide would be decreased. No such 
effect is evident; the uptake of carbon dioxide is if anything 
slightly greater than is required by Equation 2. It will be shown 
below that the discrepancy between ethanol and acetic acid is 
caused by conversion of part of the alcohol into cell material. 

Since in Experiments 1, 2, and 3 the oxidizing agent, carbon 
dioxide, was limiting while ethanol was present in excess, it is not 
surprizing that the oxidation of the latter compound was incom- 
plete. A much more rigorous test of the ability of Methanobacte- 
rium omelianskii to oxidize ethanol to carbon dioxide is provided 
by Experiment 4 in which carbon dioxide was present in excess 
while ethanol was limiting. Even under these conditions, how- 
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ever, the organism appears to be unable to oxidize ethanol beyond 
the stage of acetic acid. 

From the above experiments it may be concluded that the over- 
all catabolic reaction carried out by Methanobacterium omelianskii 
is closely described by the equation, 


2C,H;OH + CO, — 2CH;COOH + CH, (2) 


This is in agreement with the conclusion reached previously (1) 
from experiments with enrichment cultures. 

Oxidation of Butanol—In order to see whether the oxidation of 
butanol goes beyond the stage of butyric acid, a quantitative 
fermentation experiment was undertaken in which butanol was 
limiting, carbon dioxide being present in excess. The medium 
and conditions were essentially the same as in the experiments 
described above except that butanol (0.5 volume per cent) was 
substituted for ethanol. The fermentation of butanol being much 
slower than the fermentation of ethanol, the culture (1000 cc.) 
was allowed to incubate for 21 days at 37°. At the end of this 
period gas production had practically ceased. 

The analytical data showed that butyric acid (17.0 mM) ac- 
counts for 97 per cent of the butanol decomposed (17.5 mm). 
It may be concluded that the oxidation of butyric acid to 2 
molecules of acetic acid, previously thought on the basis of experi- 
ments with enrichment cultures to be brought about by Methano- 
bacterium omelianskii (1), is probably due to another organism. 

Quantitative fermentation experiments with other alcohols 
have not been undertaken. It may be expected, however, on the 
basis of the qualitative results reported above that higher alcohols 
are in general oxidized (without regard to synthetic reactions) 
only as far as the corresponding fatty acids or ketones. 


Reduction Reactions 


The second main problem undertaken was to find out what 
compounds, if any, can replace carbon dioxide as an oxidizing 
agent for Methanobacterium omelianskii. The compounds that 
have been tested are methy! alcohol, formic acid, nitrate, sulfate, 
and oxygen. 

A qualitative experiment to test the reducibility of the above 
compounds under normal physiological conditions was carried 
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out with growing cultures. To Medium B containing an excess 
of ethanol as the oxidizable constituent, a small, limiting amount 
of carbon dioxide and 0.3 per cent of the various compounds to 
be tested (except oxygen) were added. Oxygen was supplied by 
exposing the cultures (test-tubes) to air; all other cultures were 
incubated under strictly anaerobic conditions. When all activity 
had ceased, the media were analyzed for acetic acid. It was 
expected that any substance acting as an oxidizing agent would 
increase the yield of acetic acid over that amount equivalent to 
the carbon dioxide available. 

The results showed that oxygen and nitrate are toxic, since no 
acid production occurred in their presence. Sulfate and methanol 
appear to be completely inert, since they did not significantly in- 
crease or decrease the formation of acetic acid as compared with the 
control. Formate is the only substance utilized. Not only was 
the amount of acetic acid approximately doubled in the formate 
cultures but formate had almost completely disappeared. 

Decomposition of Formic Acid—The decomposition of formic 
acid in the above experiment may appear to contradict earlier 
results (see above) which indicated that formic acid is not attacked. 
The contradiction, however, is only apparent, for the conditions 
of the two experiments were quite different. In the former 
formic acid was the sole oxidizable constituent of the medium, 
while in the latter ethanol was present as well. 

In order further to clarify the conditions necessary for the 
decomposition of formic¢ acid, the growth experiment summarized 
in Table II was set up. The essential features of the media used 
are given in Columns 2, 3, and 4. Column 5 shows whether or 
not growth occurred during 20 days incubation. The remaining 
columns are self-explanatory. The data given are averages of 
duplicate experiments. 

The data show that Methanobacterium omelianskii cannot live 
with formic acid alone (Culture 1) or with formic acid plus carbon 
dioxide (Culture 2). In the absence of ethanol no growth oc- 
curred. These results corroborate the conclusion reached pre- 
viously that formic acid cannot replace ethanol as the oxidizable 
substrate. Cultures 4, 5, and 7, all of which contain ethanol, 
carbonate, and formate, show, however, that formic acid can be 
decomposed. In all three cultures considerable quantities of 
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formic acid disappeared and there was a corresponding increase 
in acetic acid as compared to the control culture with alcohol and 
carbonate only (Culture 3). It is significant that the decomposi- 
tion of formic acid is dependent upon the presence of carbon 
dioxide as well as of aleohol. Culture 6 shows that in the ab- 
sence of carbon dioxide no growth and no significant formate 
decomposition occur. 

We may conclude that formic acid, though decomposed under 
suitable conditions, cannot replace either carbon dioxide as a 
sole hydrogen acceptor or ethanol as a sole hydrogen donor in the 


TaB_e Il 
Conditions for Decomposition of Formic Acid 
The quantities are expressed in mg. per 100 ce. 














.) af ° - 
Culture Composition “s medium Growth a. e aad “Acetic acid 
C:H:sOH | HCOOH | Na:COs 
(1) | = (2) (3) (4) (5) (6) | (7) | (8) 
1 0 207 0* - 207 Ot | 0 
2 0 207 100t - 207+ Ot 0 
3 700 0 100 $- 0 So tT a 
4 700 67 100f oa 17 50 311 
5 700 138 100f + 36 102 355 
6 700 207 0* — 206 Se 0 
7 700 260 100t + 5 255 | 563 





* CO, was removed with KOH. 

+t Estimated, not determined. 

t Additional CO, was available from the K,CO;-pyrogallol mixture used 
for removing oxygen. 


metabolism of Methanobacterium omelianskii. The failure to 
replace carbon dioxide strongly indicates that formic acid cannot 
be an actual intermediate in the reduction of carbon dioxide to 
methane. Nevertheless formic acid is ultimately reduced to 
methane, approximately 1 molecule of methane being formed per 
molecule of formate decomposed. In one experiment 11.1 mm 
of CH, were formed from 9.5 mm of CO, and 2.2 mm of HCOOH. 
Further evidence that formic acid is not an intermediate in 
carbon dioxide reduction is furnished by measurements of the 
relative rates of formic acid and carbon dioxide decomposition. 

















160 Methane Fermentation. V 


Several such measurements were carried out with growing cultures 
containing ethanol as the oxidizable component. The results 
in all instances showed that formic acid is decomposed somewhat 
more slowly than carbon dioxide. The molecular ratio of formic 
acid to earbon dioxide decomposed varied from 0.23 to 0.81. 
Data from a typical experiment are given in Fig. 1. Medium B 
containing 0.18 per cent sodium formate was used. 
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TIME IN DAYS 


Fic. 1. Relations among carbon dioxide decomposition, formic acid 
decomposition, and acetic acid formation in a growingculture of Methano- 
bacterium omelianskii. 


It can be seen in Fig. 1 that formic acid decomposition follows 
much the same time curve as does acetic acid formation; the two 
chemical changes are in fact almost proportional to one another. 
This is emphasized in the inset in Fig. 1, where the amount of 
formic acid decomposed is plotted as a function of the acetic acid 
formed. An approximate curve for carbon dioxide uptake is 
included for comparison. In this experiment the molecular 
ratio of formic acid to carbon dioxide decomposed was 0.42. 

In some experiments the proportionality between formic acid 
decomposition and acetic acid formation was not quite so close, 
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the formate tending to decompose relatively more rapidly in the 
later stages of the fermentation. 

It should be emphasized that although the above experiments 
show that formic acid can be converted into methane, they do not 
provide any evidence as to the nature of the primary reaction 
which formate undergoes. This could be either an oxidation or a 
reduction. The question of the mechanism of formate decomposi- 
tion will be considered in a later communication. 

Toxicity of Nitrate—It has already been mentioned that the 
development of Methanobacterium omelianskii is prevented by 0.3 
per cent potassium nitrate. In order to confirm this result and to 
find the lowest concentration of nitrate that will just inhibit 
growth, two further experiments were carried out. 

In the first experiment, the following KNO; concentrations 
were added to Medium B, 0, 0.05, 0.10, 0.20, and 0.4 per cent. 
Rapid and abundant growth occurred without nitrate. With 
nitrate, inhibition was very marked at 0.05 per cent and was 
almost complete at 0.10 per cent. At higher concentrations there 
was no development after 7 days. 

A second experiment showed that the limiting KNO; concentra- 
tion for growth is about 0.08 to 0.10 per cent. Below 0.02 per 
cent nitrate no inhibition was observed. 


Assimilation of Carbon 


It has been shown that the oxidation of ethanol by Methano- 
bacterium omelianskii may be represented approximately by 
Equation 2. As has previously been mentioned, this equation is 
not an exact description of the over-all reaction carried out by this 
organism because the synthesis of cell material is disregarded. 
From the point of view of the vital activities of the organism, 
the synthesis of cell material is naturally of the first importance. 

Because of the physiological peculiarities of the methane 
bacteria, their synthetic or assimilatory activities have a special 
interest. Microorganisms are commonly divided into two large 
physiological groups on the basis of the types of carbon compound 
from which they build their cell material. One group, including 
the chemoautotrophic and photoautotrophic bacteria, synthesizes 
all cell materials from carbon dioxide. The other group, compris- 
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ing all chemoheterotrophic organisms, appears' to assimilate 
mainly the carbon of organic compounds. There is also a third 
group of organisms, the photoheterotrophic bacteria (Athior- 
hodaceae and Thiorhodaceae), that probably assimilates directly? 
large amounts of both organic carbon and carbon dioxide carbon. 
Now the methane-producing bacteria, like the photoheterotrophic 
bacteria, combine certain characteristics of both heterotrophic 
and autotrophic metabolism in that they are able both to oxidize 
organic compounds and to reduce carbon dioxide. It must be 
emphasized at once, however, that the ability to utilize both 
organic compounds and carbon dioxide is not in itself any proof 
that these bacteria assimilate carbon from both sources. It is 
quite possible that only one of the two substances serves as a 
source of cell material, the other fulfilling some other essential 
function, such as acting as an oxidizing or reducing agent. 

In the special case of Methanobacterium omelianskii there are 
at least three possibilities for the synthesis of cell material. The 
carbon for cell synthesis might come from ethanol alone, from 
carbon dioxide alone, or from both compounds. 

Before the evidence in favor of one or the other of these sources 
of carbon is considered, it will be desirable to present data showing 
the magnitude of cell synthesis, and the relation between synthesis 
and the dissimilation reaction expressed by Equation 2. 

To determine the quantity of cell synthesis, Medium B, con- 
taining ammonium sulfate as the sole nitrogen source, was used. 
As growth occurs in this medium, ammonia nitrogen is converted 
into organic nitrogen in the cells. This cell nitrogen can be meas- 
ured as the difference between total (Kjeldahl) nitrogen and am- 
monia nitrogen. The nitrogen determinations were carried out 
directly on 10 cc. aliquots of the fermented culture medium by 
micromethods. Suitable blank corrections were made on the 
reagents and the culture medium. 

Several series of cell nitrogen determinations were carried out. 
In each series the amount of bacterial growth in individual cultures 


' Recent work by Wood and Werkman (6) and cthers indicates that car- 
bon dioxide may be utilized by various heterotrophic bacteria. Ruben 
et al. (7, 8) have proved with the aid of radioactive carbon that small 
amounts of CO, are assimilated by many heterotrophic organisms. 

? Private communication from Professor C. B. van Niel. 
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was varied over a considerable range by adding different initial 
quantities of sodium carbonate, the carbon dioxide supply being 
limiting. Acetic acid as well as cell nitrogen was determined on 
each culture after growth and fermentation had ceased. The 
combined results of several series of determinations are shown in 
Fig. 2, where cell nitrogen is plotted as a function of the quantity 
of acetic acid formed. The latter, as has been previously shown 
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Fic. 2. Relation between cell nitrogen and acetic acid formation 


(3), is a direct measure of the amount of ethanol and carbon dioxide 
converted. 

Fig. 2 shows that under the conditions chosen the quantity of 
cell nitrogen is a linear function of the acetic acid formed. This 
linear function is of considerable interest in itself, for it shows that 
in anaerobic as well as in aerobic organisms catabolism and anabo- 
lism are closely connected if not completely interdependent 
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processes. From the slope of the line it can be calculated that 
6.75 mg. of cell nitrogen are formed per gm. of acetic acid. Since 
the acetic acid in such a fermentation accounts for only about 
94 per cent of the alcohol oxidized (Table 1), 8.2 mg. of cell nitrogen 
are formed per gm. of ethanol decomposed. 

From the above data on nitrogen assimilation, the quantities 
of carbon assimilated can be calculated provided the ratio of 
carbon to nitrogen in the bacterial cells is known. This ratio has 
been estimated approximately by determining the nitrogen con- 
tent of cells grown under conditions comparable to those existing 
in the above experiments: The nitrogen content was found to be 
10.6 per cent on a dry weight, ash-free basis. Assuming a carbon 
content of 50 per cent (which can hardly differ by more than 2 
to 3 per cent from the true value), the C:N ratio would be 4.7. 
The carbon assimilated is therefore 38.6 mg. per gm. of ethanol 
decomposed, 74 mg. per gm. of ethanol carbon, or 59 mg. per gm. 
of substrate (ethanol plus carbon dioxide) carbon. 

Because of the rather large quantity of cell material formed, it 
appeared possible to decide by analytical methods which of the 
three sources of cell carbon mentioned above is actually utilized. 
For if the cell material originates exclusively from ethanol, the 
carbon of the recovered acetic acid should be approximately 7 
per cent less than the carbon of the alcohol decomposed, while the 
carbon dioxide and methane carbons should balance. If, on the 
contrary, the cell material is derived only from carbon dioxide, 
the methane carbon should be about 28 per cent less than the 
carbon dioxide carbon, while the ethanol and acetic acid carbons 
should balance. Or, finally, if both ethanol and carbon dioxide 
contributed to the cell material, there should be a carbon dis- 
crepancy in both the oxidation and the reduction reactions. 

In order to obtain significant evidence on the source of cell 
carbon by the method indicated, it was necessary to carry out 
analyses of a rather high order of accuracy. The over-all analyt- 
ical error should, if possible, not exceed 2 to 4 per cent, whereas 
in most analyses of the type required the over-all error is consider- 
ably greater, usually 4 to 8 per cent. Fortunately in the present 
case, the medium to be analyzed was sufficiently simple so that 
nearly the desired accuracy could be attained by giving careful 
attention to details of procedure. 
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The results of three carbon balance experiments will be pre- 
sented. Analytical data on the transformations of ethanol, acetic 
acid, carbon dioxide, and methane in these experiments have al- 
ready been given in Table I (Experiments 1, 2, and 3). The data 
show that the yield of acetic acid is always too low to account for 
the ethanol oxidized, whereas in two of the three experiments 
(Nos. 1 and 2) the quantity of methane corresponds very closely 
to the carbon dioxide reduced. In Table III the quantities of 
cell carbon formed are given and are compared with the differences 
between ethanol carbon and acetic acid carbon and between carbon 
dioxide carbon and methane carbon. 

When the data given in Table III are evaluated, it must be 
remembered that the figures, except those for cell carbon, represent 














TaB.e III 

Carbon Assimilation by Methanobacterium omelianskii 
Carbon fraction Experiment 1 | Experiment 2 | Experiment 3 
jipsaae - “mg. \per cent) mg. |per cent| mg. |per cent 
Cell C 113 | 100 | 70 | 100 | 115 | 100 
C:H\OH-C less HOAc-C | M0 | 97 | 41 | 59 | 95 | 82 
CO,-C less CH,-C . | 2 4 6 33 | 29 
2 ee ee a 
Total cell C accounted for. .... 112 99 | 45 | 65 | 128 | lll 











small differences between values of a higher order of magnitude and 
are therefore subject to considerable errors. The data neverthe- 
less strongly indicate that the major portion of the cell carbon is 
derived from ethanol. In Experiments 1, 2, and 3, 97, 59, and 
82 per cent of the cell carbon, respectively, is accounted for as 
unrecovered ethanol carbon. The percentage of cell carbon ap- 
parently derived from carbon dioxide in Experiments 1 and 2 is 
very small, 2 and 6 per cent, while in Experiment 3 it is 29 per cent. 

It seems reasonably safe to conclude from the results of these 
experiments that approximately 60 per cent or more of the cell 
carbon is derived from ethanol, while only 30 per cent or less is 
derived from carbon dioxide. In other words, cell carbon defi- 
nitely is not derived from carbon dioxide alone. The experiments 
are not sufficiently accurate to determine whether cell carbon 
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originates exclusively from ethanol or mainly from ethanol and 
to a lesser extent from carbon dioxide. 

Fortunately, a more sensitive method was available for de- 
termining whether or not carbon dioxide is assimilated by Methano- 
bacterium omelianskii; namely, a method involving the use of 
radioactive carbon. If suspensions of cells are provided with 
ethanol and radioactive carbon dioxide, it should be possible to 
find out whether and to what extent carbon dioxide is assimilated 
by measuring the radioactivities of the methane evolved and of 
the residual cell material. This has been done and it has been 
found (2) that a small part (about 1.5 per cent) of the carbon 
dioxide reduced is converted into a non-volatile substance associ- 
ated with the cells. The quantity of this non-volatile material 
is too small to have been detected with certainty in the analytical 
experiments described above. Though the percentage of carbon 
dioxide carbon converted into cells appears to be definitely lower 
than the percentage of ethanol carbon so converted, still the two 
are of approximately the same order of magnitude. The organism 
appears therefore to have no very decided preference as to which 
form of carbon it uses. 


SUMMARY 


1. The ability of a pure culture of Methanobactertum omelianskit 
to oxidize a number of organic compounds (with carbon dioxide as 
the ultimate oxidizing agent) has been tested. Of the compounds 
studied only simple primary and secondary alcohols are attacked, 
these being oxidized to the corresponding fatty acids and ketones, 
respectively. Carbon dioxide is not produced. in detectable 
amounts in these oxidations but is, on the contrary, consumed in 
an amount required by Equation 1, 4H:A + CO, — 4A + CH, 
+ 2H,0. 

2. When the behavior of the organism toward various possible 
oxidizing agents was examined, it was found that oxygen and 
nitrate are toxic, sulfate and methanol are inert, and only formate 
is decomposed. 

In growth experiments formate is only utilized when both 
ethanol and carbon dioxide are simultaneously present; 2.¢., 
formate cannot replace either ethanol as a hydrogen donor or 
carbon dioxide as a hydrogen acceptor. It is concluded that 
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formate is not a normal intermediate in the reduction of carbon 
dioxide to methane in spite of the fact that formate is converted 
into methane. The primary reaction of formate is not considered 
here. 

3. A study of the assimilation of carbon by Methanobacterium 
omelianskit shows that there is a linear relation between the 
amount of ethanol oxidized to acetic acid and the amount of 
cell material formed. For each gm. of substrate (ethanol plus 
carbon dioxide) carbon converted about 60 mg. of carbon 
are assimilated. By means of carbon balance experiments and 
by the use of radioactive carbon dioxide it is shown that both 
ethanol carbon and carbon dioxide carbon are converted into cell 
material. Most of the cell carbon is derived from ethanol. But 
the percentage of carbon dioxide carbon converted into cells 
appears to be of the same order of magnitude as the percentage of 
ethanol carbon so converted. 


Clerical assistance was furnished by the personnel of the 
Works Progress Administration, Official Project No. 65-1-08-91, 
Unit B10. 
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POLYHYDROXYANTHRAQUINONES AFFECTING COAGU- 
LATION TIME IN VITAMIN K DEFICIENCY 


By GUSTAV J. MARTIN anv CARL F. LISCHER 


(From the Warner Institute for Therapeutic Research, New York) 
(Received for publication, May 31, 1940) 


Following the report of Almquist and Klose (1) on the anti- 
hemorrhagic activity of phthiocol, 2-methyl-3-hydroxy-1 ,4- 
naphthoquinone, numerous reports have appeared on the activity 
of various other naphthoquinones (2-6). Vitamin K activity in 
the benzoquinone series was reported by Ansbacher and Fernholz 
(7). Of the anthraquinone series, few members have been tested; 
anthraquinone and 1,2-dihydroxyanthraquinone were tested by 
Almquist and Klose (8) and phenanthraquinone, anthraquinone- 
sulfonic acid, and dihydroanthraquinone diacetate by Thayer 
et al. (2), and all reported negative findings. 

In the course of studies of vitamin K, we have tested certain 
new quinones and retested some of those already reported in the 
literature. The method of testing was that suggested by Ans- 
bacher (9). Approximately 1000 chicks were used in these tests, 
usually forty chicks to a compound. Clotting times in these 
vitamin K-deficient chicks are frequently in excess of 24 hours. 
The chicks were eliminated from use in testing compounds unless 
the clotting time exceeded 6 hours. Normal clotting times were 
found to be universally less than 10 minutes, averaging 4 to 5 
minutes. Where possible, each compound was tested at several 
different levels up to 100 mg. Table I summarizes the results 
obtained. 

We rechecked the activity of purpurin, using prothrombin times 
according to the technique of Quick (10) as modified by Almquist 
and Klose (11). On a series of thirty-five vitamin K-deficient 
chicks we found the average prothrombin times to be 30 minutes. 
6 hours after the administration of 0.1 mg. of purpurin, pro- 
thrombin time was lowered to an average of 3 minutes in a series 
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of forty chicks given vitamin K. Normal chicks and chicks on a 
vitamin K-deficient diet given an adequate dosage of 2-methyl-1 , 4- 
naphthoquinone showed prothrombin times of 20 to 30 seconds. 
The activity of vitamin K, is between 100 and 1000 times that of 
purpurin, the most active of the polyhydroxyanthraquinones. 
With 2-methyl-1 ,4-naphthoquinone as a standard, purpurin has 
10,000 units per gm. as compared to 1,000,000 for the standard. 
Rufigallol, anthragallol, and duroquinone show only 100 units 


per gm. 


TaBLe I 
Vitamin K Activity of Quinones 





2-Methoxy-3-methyl-1, 4-benzoquinone Toxic at 10 mg. doses; inac- 
Pseudocumoquinone tive at 1 mg. 
2-Methyl-1 , 4-benzoquinone 


2,7-Dinitrophenanthraquinone No action at 100 mg. 
Anthraquinone 

2-Hydroxy-3-methylanthraquinone 

Phenanthraquinone ~ 


2,3-Dimethyi-1 ,4-benzoquinone Slight or border line effect at 
p-Xyloquinone 10 mg. 

Quinalizarin 

Rufigallol in 10 mg. 1 unit (Ansbacher (9)) ae- 
Anthragallol in 10 mg. _ tivity 


Duroquinone “ 10 
Purpurin in 0.1 mg. 
2-Methyl-1,4-naphthoquinone in 1 


It is of interest to note that in alizarin (1 ,2-dihydroxyanthra- 
quinone), reported negative by Almquist and Klose (8), and 
quinalizarin (1,2,5,8-tetrahydroxyanthraquinone), found nega- 
tive or border line by us, there are two hydroxy! groups on one 
ring; while all the compounds giving positive reactions have 
three hydroxyls on one ring, which may confer a lability on the 
substituted ring permitting the rupture and subsequent formation 
of 2,3-disubstituted 1,4-naphthoquinones similar to vitamin K. 

The water-soluble sodium salt of purpurin can be administered 
intravenously in doses far in excess of the therapeutic level, with 
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no untoward manifestations. Its water solubility should confer 
on it the power of being absorbed from the intestinal tract in the 


absence of bile salts. 
SUMMARY 


Purpurin (1 ,2,4-trihydroxyanthraquinone) and certain other 
polyhydroxyanthraquinones have vitamin K activity when tested 
upon vitamin K-deficient chicks. 


BIBLIOGRAPHY 


1. Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 1611 (1939). 
2. Thayer, S. A., Cheney, L. C., Binkley, 8. B., MaeCorquodale, D. W., 
and Doisy, E. A., J. Am. Chem. Soc., 61, 1932 (1939). 

3. Ansbacher, S., and Fernholz, E., J. Am. Chem. Soc., 61, 1924 (1939). 

4. Fieser, L. F., Bowen, D. M., Campbell, W. P., Fieser, M., Fry, E. M., 
Jones, R. N., Riegel, B., Schweitzer, C. E., and Smith, P. G., J. Am. 
Chem. Soc., 61, 1925 (1939). 

. Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 1923 (1939). 

. Tishler, M., and Sampson, W. L., J. Am. Chem. Soc., 61, 2563 (1939). 

. Ansbacher, S., and Fernholz, E., J. Biol. Chem., 131, 399 (1939). 

. Almquist, H. J., and Klose, A. A., J. Am. Chem. Soc., 61, 2557 (1939). 

. Ansbacher, S., J. Nutrition, 17, 303 (1939). 

. Quick, A. J., Am. J. Physiol., 118, 260 (1937). 

. Almquist, H. J., and Klose, A. A., Biochem. J., 33, 1055 (1939). 


—- OO WAI D 


_— 
































THE PREPARATION OF A CASEIN HYDROLYSATE FOR 
THE STUDY OF THE RELATIONSHIP BETWEEN 
CHOLINE AND HOMOCYSTINE* 


By A. D. WELCH 


(From the Department of Pharmacology, Washington University School of 
Medicine, St. Louis) 


(Received for publication, June 3, 1940) 


Using a diet containing purified amino acids in place of protein, 
du Vigneaud e/ al. (1, 2) found that homocystine or homocysteine, 
when substituted for methionine, promotes the growth of rats 
only when choline is also present in the diet. This finding was 
interpreted as indicating that choline serves as the donor of a 
methyl group to homocysteine, converting it into methionine. 

Owing to the limitations imposed by the great expense of such 
purified amino acids, a study has been made of the preparation 
and use of a casein hydrolysate in which methionine was destroyed. 
The decomposition of this amino acid was accomplished by a 
modification of the procedure of Baernstein (3) for the determina- 
tion of methionine. In this method concentrated hydriodic acid 
is utilized for the hydrolysis of protein with the cleavage of 
methionine into methyl iodide and the thiolactone of homo- 
cysteine. Since the latter compound was shown by Rose and 
Rice (4) to support growth in the absence of methionine, when the 
vitamin B complex was fed in a not too highly purified form, it 
was expected that the hydrolysate would promote growth upon 
the addition of choline. However, the technique to be described 
resulted in a mixture of amino acids which was grossly deficient 
not only in methionine but also in the products of its demethyla- 
tion. This is not undesirable, since it permits the preparation of 
diets free from both methionine and its precursors. Although 


* This investigation has been made with the assistance of a grant from 
the Committee on Therapeutic Research, Council on Pharmacy and Chem- 
istry, American Medical Association. 
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tryptophane was the only other indispensable amino acid absent 
from the hydrolysate, growth was improved by the addition to 
the diet of small amounts of dl-threonine (0.4 per cent) and /-his- 
tidine (0.2 per cent). However, in the growth experiments de- 
scribed threonine and histidine were not added. 


EXPERIMENTAL 


Casein (100 gm.) was dissolved in hydriodic acid of specific 
gravity 1.7 (400 cc.) to which hypophosphorous acid (0.2 to 0.5 
per cent) was added. The mixture was refluxed for 6 hours in a 
bath of Wood’s metal, while a slow stream of nitrogen was passed 
through the reaction vessel and reflux condenser. Water at 50- 
60° was conducted through the condenser, although this may not 
be necessary (5). At the end of the period of hydrolysis the flask 
was connected with a condenser for distillation and the unbound 
hydriodic acid and water were removed as completely as possible 
in vacuo at a bath temperature not exceeding 120°. The residue 
was taken up in water and the iodide precipitated completely by 
agitation with silver carbonate in a darkened room; excess silver 
ions were removed exactly with dilute hydriodic acid. The pre- 
cipitate of silver iodide was removed and washed repeatedly with 
hot dilute hydriodiec acid and finally with hot water to remove 
amino acids. After the removal of iodide from the combined 
washings in the same manner as described above, the second 
precipitate of silver iodide was washed once with hot dilute 
hydriodic acid and several times with hot water. The small 
amount of iodide in these washings was precipitated as silver 
iodide by the addition of a dilute solution of silver acetate and 
discarded without washing. The combined solutions of amino 
acids were concentrated to a small volume, dried to a paste in 
an oven at 100-110°, and subjected to vacuum desiccation over 
phosphorus pentoxide for 18 to 24 hours at 100-110°. The mate- 
rial was then powdered and a small amount of sodium bicarbonate 
was added to neutralize the calculated amount of residual hypo- 
phosphorous acid or its products. 

The complete diet, which had the composition indicated in 
Table I, was fed ad libitum. The average daily food consumption 
and weight change during each experimental period are shown in 
Table II. 
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The growth curve of Rat 1 (Fig. 1) shows that the hydrolysate 
was markedly deficient in tryptophane as well as methionine, 
since both amino acids were necessary for growth. The gross 
deficiency of the hydrolysate in methionine or derivatives of 
homocysteine is shown by the marked weight loss of Rat 2a when 
its diet was supplemented only with tryptophane and choline 
chloride; however, addition of homocystine resulted in a prompt 


TaBLe I 
Composition of Basal Diet 











Constituents Per cent 
Casein hydrolysate............ bie vdes aeaVaWern 21 
Powdered sucrose sae a aben bigs a ; 16 
Dextrin (thrice extracted with alcohol)... ide 25.9 
ee Geeta os. lee as J are 4 
A 2 
B complex concentratef. 1 
Percomorph liver oilf... 0.1 
Corn oil (Mazola)..... 15 
Beef fat.... 15 





* Salt Mixture 1, v.s.p. XI. 

t The vitamin B complex concentrate was prepared in a manner similar 
to that described by du Vigneaud et al. (2); ryzamin-B was treated with 
ammonium reineckate solution to remove choline, and then 10 mg. each 
of thiamine chloride, riboflavin, and nicotinic acid (donated by Merck and 
Company, Inc.) were added to each 10 gm. of the modified ryzamin-B. 
The ryzamin-B (a rice polishings concentrate) was generously supplied 
by Burroughs Wellcome and Company, through the courtesy of Dr. Robert 
C. Page. 

¢ The percomorph liver oil (Mead Johnson and Company) contained 
50 per cent cod liver oil. Each gm. of oil contains not less than 60,000 
units (v.s.p. XI) of vitamin A and 8500 units (v.s.p. XI) of vitamin D. 


gain in weight. The striking effect of choline on the utilization 
of homocystine for growth is demonstrated by the marked weight 
loss following the omission of this compound from the diet and 
the prompt growth following its replacement (Rat 2a). It is 
clear that in these experiments with hydriodic acid hydrolysates 
of casein, as with mixtures of purified amino acids, choline renders 
homocystine utilizable for growth purposes. 

The growth curve of Rat 2b shows that the lower homologue of 
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Taste II 
Food Consumption and Weight Change of Experimental Animals 
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Aver- 


| 
Rat 
™~ Days Supplements* added to basal diet on gh, 
iad sump- | weight 
tion 
| gm. | gm. 
1 | 0-6) Methionine, 0.8%, + choline chloride, 0.5% | 3.5 | —1.6 
| (without tryptophane) 
| 67 | As above + tryptophane, 0.25% 2.3 | —3.1 
oe ™ 0.25% ' 3.9 | +0.4 
2a @| 0-9 | Choline chloride, 0.5% | 2.5 | -1.3 
| 916 | Homocystine, 1%, + choline chloride, 0.5% | 2.9 | +0.8 
| 16-21 1% | 3.1 | =1.0 
| 21-27 " 1%, + choline chloride, 0.5% 3.9 | +1.4 
2b oa 0-5 2 1%, + S-methyleysteine, 1.5%| 2.3 | —0.8 
| 5-12 | " 1%, + ee 1. 50, 2.9 | 40.9 
| + choline chloride, 0.5% 
| 12-15 | Homocystine, 1%, + 8-methylcholine chlo- | 3.0 | —2.0 
ride, 0.55% 
| 15-19 | Homocystine, 1%, + arsenocvholine chloride, | 3.7 | +2.3 
0.7% 
19-25 | Homocystine, 1%, + arsenocholine chloride, | 4.2 | —0.5 
| 0.7% 
25-33 Homocystine, 1%, + arsenocholine chloride, | 4.3 | +1.2 
0.7%, + betaine hydrochloride, 1.0% 
3 o& O05)! Basal diet alone 5 | —0.3 
5-11 | Homocystine, 1%, + arsenocholine chloride, | 2.4 | —0.4 
0.7% 
11-21 | Homocystine, 1%, + arsenocholine chloride, | 3.3 | +0.6 
0.7%, + choline chloride, 0.5% 
21-26 | Homocystine, 1%, + methyldiethyl-s-hy- | 2.4 | —0.4 
droxyethyl ammonium chloride, 0.6% 
4 o& OO 5) Choline chloride, 0.5% | 2.6 | -—0.3 
5-11 | Homocystine, 1%, + arsenocholine chloride, | 2.5 | —0.4 
0.7% 
11-16 | Homocystine, 1%, + arsenocholine chloride, | 3.8 | +0.5 
0.7%, + choline chloride, 0.5% 
16-21 | Homocystine, 1%, + methyldiethyl-§-hy- | 2.7 | —0.5 
droxyethyl ammonium chloride, 0.6% | 











* Except in the diet of Rat 1, tryptophane, 0.25 per cent, was added to 


the diet in all 


cases. 
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Fic. 1. The number and sex of the rat are shown on the left. The initial 
weight of the rat is given in parentheses. The hydrolysate fed through- 
out each experiment is indicated by a roman numeral at the beginning of 
each growth curve. Supplements to the hydrolysates are indicated by 
the following code: T = tryptophane, 0.25 per cent; M = methionine, 
0.8; H = homocystine, 1.0; S = S-methyicysteine, 1.5; C = choline 
chloride, 0.5; B = betaine hydrochloride, 1.0; A = arsenocholine chloride, 
0.7; ME; = methyldiethyl-8-hydroxyethyl ammonium chloride, 0.6; 8 
= §-methylcholine chloride, 0.55 per cent; + = addition to the diet; the 
minus sign = removal from the diet. The arrows indicate the points of 
change. 


methionine, S-methylcysteine,| does not transfer its methyl 
group to homocysteine to form methionine, although in its 


! $-Methylcysteine was prepared by the writer according to the dimethy] 
sulfate procedure of du Vigneaud, Loring, and Craft (6); the nitroprusside 
and cyanide-nitroprusside reactions were negative. 
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presence growth promptly follows the addition of choline to the 
diet. The 8-methy! derivative of choline chloride? also failed to 
support growth on a homocystine diet when it was substituted for 
choline in the diet (Rat 2b). Although replacement of the - 
methyl compound (Rat 2b) by arsenocholine chloride*® resulted 
in a period of temporary growth, this was followed by a loss of 
weight, until betaine hydrochloride was also added to the diet, 
when growth was resumed. Addition of the arsenic analogue of 
choline chloride and of homocystine to the diet of litter mates 
(Rats 3 and 4) (during the previous 5 day period one had received 
no choline, the other 0.5 per cent choline) resulted in continued 
weight loss in both, until choline was also added to the diets. 
The ineffectiveness of the methyldiethyl homologue of choline 
chloride‘ as a substitute for choline is also shown (Rats 3 and 4). 


DISCUSSION 


The usefulness of the method described for the preparation of 
diets free from methionine and growth-promoting products of its 
demethylation is obvious, while the disadvantages are slight. 
The hydriodie acid employed in the hydrolysis of the casein is 
expensive, but much of it is recovered by vacuum distillation 
from the hydrolysate. Recovery of silver from silver iodide per- 
mits a further reduction in the cost of the procedure. The expense 
of the final diet is very much less than that of a diet containing 
purified amino acids purchased on the open market. The tech- 
nical manipulations involved in the preparation of the hydrolysate 
are insignificant in comparison with those requisite to the prep- 
aration of the many amino acids used in dietary mixtures. 

The finding that the casein hydrolysate contained no derivative 
of homocysteine which permits growth in the presence of choline 
was unexpected. However, the manner in which the thiolactone 
of homocysteine was lost has not been determined. Extraction 
of the silver iodide precipitated during the removal of hydriodie 


* Thiamine chloride, riboflavin, nicotinic acid, and S-methylcholine 
chloride were freely donated by Merck and Company, Inc. 

* The samples used were supplied by Hoffmann-La Roche, Inc., to whom 
the writer is indebted. 

‘Prepared by treatment of diethylaminoethanol with methyl iodide 
and conversion of the product to the chloride with silver chloride. 
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acid was sufficiently thorough to prevent the loss of more than 
traces of homocysteine derivatives, and the degradation of the 
thiolactone is not likely to have followed the use of a much smaller 
amount of hydriodic acid per gm. of casein than is used in the 
determination of methionine. It is conceivable that the thiolac- 
tone may undergo decomposition as the result of a catalytic effect 
of the silver ions used in the removal of hydriodic acid. 

The results of the feeding experiments confirm the observations 
of du Vigneaud and his group with regard to the dietary signifi- 
cance of choline (or betaine) for the growth of rats on diets con- 
taining homocystine in place of methionine. The finding that the 
lower homologue of methionine, S-methyleysteine, is incapable of 
supplying a methyl group to homocysteine was not unexpected 
in view of the fact that it does not support growth in rats on a 
cystine-deficient diet (6, 7), although the sulfur is readily oxidized 
by the rabbit (6) and by man (8). Further evidence that the 
compound is not readily demethylated has been presented by 
Brand and coworkers (8), who were unable to obtain a positive 
nitroprusside test when S-methyleysteine was shaken with kidney 
slices. 

The temporary growth effect produced by arsenocholine in one 
experiment is believed not to be indicative of a methylation of 
homocystine, since other experiments indicate that the analogue 
is ineffective, a finding agreeing with that recently reported by du 
Vigneaud (9). It is possible that the presence of the arsenic 
nucleus imposes an insuperable impediment to the enzymatic 
process involved in the removal of methyl groups, although the 
structure and spatial configuration of the arsenocholine cation 
are such as to permit it to replace choline as a lipotropic factor 
(10-12), as a preventive’ of the hemorrhagic kidney condition 
described in young rats by Griffith and Wade (13-15), and as a 
preventive® of perosis in young turkeys (Jukes (16)). 

The triethyl homologue of choline chloride is unable to support 
growth on a homocystine diet (2), although it is a potent lipo- 
tropic agent (17, 18) and prophylactic against hemorrhagic 
kidneys.’ This finding is particularly significant to the theory 
that choline serves as a source of methyl groups. The methyl- 


* Welch, A. D., unpublished research. 
* Jukes, T. H., personal communication. 
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diethyl homologue of choline, however, might be expected to 
function as the donor of a methyl group. That this is not the 
case is shown in the experimental portion, a finding recently 
reported by du Vigneaud also (9). This worker’ has found the 
other intermediate between choline and its triethyl homologue, 
the ethyldimethy! homologue, to be capable of supporting growth 
on a homocystine diet. 

A possible explanation for the inactivity of 8-methylcholine as a 
lipotropic agent (10, 11) and as a donor of methyl groups (Fig. 1) 
is that the secondary alcoholic hydroxyl group of this substance, 
unlike the primary alcoholic hydroxyl group of choline, may not 
be phosphorylated efficiently by the organism. Among the nu- 
merous compounds related to choline which possess lipotropic 
activity only betaine and betaine aldehyde lack a primary alco- 
holic hydroxyl group and evidence that these compounds may 
serve as choline precursors has been presented by Welch and 
Welch (10) and by Jukes. In order to promote growth on a 
homocystine diet choline derivatives must satisfy even more 
rigid requirements than for action as lipotropic agents, since 
in addition to the presence of a primary alcoholic hydroxyl! group, 
at least two methyl groups attached to a nitrogen nucleus must 
be present. 


The author is indebted to Dr. Vincent du Vigneaud for the 
homocystine used and for making certain results available prior 
to publication, to Dr. Carl F. Cori for continued interest and sug- 
gestions, and to Dr. H. D. Baernstein, who made helpful sug- 
gestions at the beginning of the investigation. 


SUMMARY 


A method is described for the preparation of a hydriodic acid 
hydrolysate of casein which is grossly deficient in tryptophane, 
methionine, and growth-promoting derivatives of homocysteine. 
The hydrolysate serves as a relatively inexpensive substitute for 
mixtures of purified amino acids for the study of the relationship 
between choline and homocystine. 

The discovery of du Vigneaud and his group that choline or 
betaine must be supplied to enable the rat to utilize homocystine 


7 du Vigneaud, V., personal communication. 
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for growth is confirmed, as is the report that the arsenic analogue 
of choline chloride is ineffective in this respect. The lower homo- 
logue of methionine, S-methyleysteine, the 8-methy] derivative, 
and the methyldiethyl homologue of choline chloride are also 
ineffective in inducing growth on a diet containing homocystine 
in place of methionine. 
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The significance of these results is discussed. 
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OF ALANINE 


By EATON M. MacKAY, ARNE N. WICK, anp CYRUS P. BARNUM 
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(Received for publication, June 24, 1940) 


Alanine is well recognized as a good glycogen former. The 
relative ability of its isomers to form glycogen is of interest be- 
cause of the belief held by many that only the natural isomer of 
many compounds may be metabolized. Abderhalden and Tetzner 
(1) have reported that when dl-alanine is administered only the 
natural or 1(+) form is utilized, the d(—) form failing to undergo 
metabolism. Butts et al. (2) have found that /(+)-alanine is 
approximately twice as effective a glycogen former as dl-alanine. 
This failed to coincide with our conclusion (3) that these com- 
pounds were equally good antiketogenic agents. A _ possible 
explanation was suggested by the observation (4) that the rate of 
glycogen formation from glycine and dl-alanine is quite different, 
although they are equally good glycogen formers. There might 
simply be a difference in the rate of glycogen formation by the 
two isomers of alanine. The observations of Wilson and Lewis 
(5) pointed to this possibility. Slower utilization of d(—)-alanine 
might be due to an added step in its utilization, even conversion 
to the natural isomer (6), before further use by the body. 


Methods 


Albino mice weighing 18 to 22 gm. were used. Each mouse 
received 0.8 cc. of a solution containing 2 moles of alanine! per 
liter. This was given through a blunt 20 gage hypodermic needle 


1 The dl- and 1(+)-alanines were the same preparations we have used 
before (3). The d(—)-alanine was obtained from F. Hoffmann-La Roche 
and Company, A. G., Basle, Switzerland. [al> = —9.6° for the hydro- 
chloride in aqueous solution. The preparation contained less than 0.1 
per cent of moisture and negligible ash. 
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which was used as a stomach tube. 99 female mice were used in 
the first experiment, three of them being sacrificed every 2 hours 
after administration of the racemic compound and each isomer and 
the amount of glycogen in the livers determined. In Experiment 
2 a total of 240 male mice was used, groups of five mice being 
sacrificed every 2 hours after the administration of each compound. 
The last group was given the same amount of alanine as the rest, 
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equal quantities of d- and /-alanine solutions being mixed immedi- 
ately before administration. Liver glycogen determinations 
were carried out according to the method of Good, Kramer, and 
Somogyi (7). 

Results 


Data based upon the group averages are presented in Fig. 1. 
In Experiment 1 the amount of glycogen is given as the concentra- 
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tion in the livers and in Experiment 2 as the amount per liver. 
Similar conclusions may be reached from either manner of pre- 
senting the results. The percentage figures given with each curve 
represent the relation of the curve areas in a given experiment to 
the area of the /(+-)-alanine curve taken as 100 per cent. 

The data show very clearly that dl-alanine is just as good a 
hepatic glycogen former as the natural isomer, 1(+)-alanine. 
A freshly made mixture of /(+)- and d(—)-alanine solutions gives 
approximately the same amount of glycogen as the racemic and 
natural compounds. The unnatural isomer d(—)-alanine, on the 
other hand, is a much inferior glycogen former. 


DISCUSSION 


These results coincide with the equal antiketogenic activity of 
l(+)- and dl-alanine (3). They are at variance with other ob- 
servations on glycogen formation by I(+)- and dl-alanine (2) 
but this discrepancy is undoubtedly due to the time in the ab- 
sorption period at which these observations were made. Our 
conclusions are not in harmony with the complete conversion of 
d(—)-alanine (8) as well as dl-alanine to glucose (9) in the phlor- 
hizinized organism after small doses by mouth. In the light of 
these observations as well as our finding that dl-alanine is as good a 
hepatic glycogen former as 1(+)-alanine it is surprising that d(—)- 
alanine when fed alone forms glycogen so poorly. Our data show 
that the liver glycogen tends to be sustained at a higher level for 
a longer period after administration of dl-alanine than I(+)- 
alanine. This would indicate a slower rate of glycogen synthesis 
by the d(—)-alanine, which was suggested as a possibility in the 
introduction to this note. But with other compounds forming 
glycogen at different rates the amount of glycogen ultimately 
formed is the same in every case (4). The reason for the better 
glycogen-forming ability of d(—)-alanine when fed as a constituent 
of the racemic form than when fed alone is not entirely clear. 

The most likely explanation of our results would appear to us 
to be as follows: When fed alone, /(+)-alanine, the natural form, 
is absorbed, deaminized, and rapidly converted in whole or in 
large part to glycogen by the liver. The d(—)-alanine on the 
other hand is probably absorbed at a not very different rate than 
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is the 1(+) form (10) but is? utilized much more slowly by the 
organism (1). As a result a large proportion of the d(—)-alanine 
is lost in the urine when a large dose of this isomer is fed alone. 
When dl-alanine is fed, the /(+) isomer is used rapidly and the 
d(—) isomer is used slowly, just as when each is given alone. But 
in this case the isomers are fed in only half the quantities given 
when the active compounds are fed. During the entire absorption 
period the organism need convert to glycogen only 50 per cent 
of the d(—)-alanine offered the liver when d(—)-alanine is fed. 
This does not tax the mechanism available to the organism for 
using d(—)-alanine or converting it to the 1(+) form with the 
subsequent ready use of this isomer, and little or no d(—)-alanine 
is lost in the urine. This reasoning would explain the results of 
Abderhalden and Tetzner (1), for these investigators injected the 
alanine subcutaneously and the organism must have been flooded 
with the isomers for a relatively short period. With its slow 
utilization rate only a small amount of the d(—) isomer could be 
expected to escape excretion by the kidneys and this is what they 
found. It would also explain the complete conversion to glucose 
of d(—)-alanine (8) as well as dl-alanine when fed in small doses to 
the phlorhizinized dog. 

We are well aware that there is no way in which the total amount 
of glycogen formed by a metabolized substance may be determined 
with certainty by measurements of liver glycogen. Estimations 


2 The most reasonable conclusion one may reach from Abderhalden and 
Tetzner’s (1) results considered together with our data is that d(—)-alanine 
is utilized much more slowly than the /(+) form. Our results indicate that 
the maximum rate of conversion of d(—)-alanine to glyeogen is definitely 
limited. In earlier experiments we found that when large doses of l(+)- 
alanine were fed to the rat about 5 per cent was lost in the urine, while 
after d(—)-alanine 27 per cent was lost, if all of the extra amino nitrogen 
was assumed to be alanine. In neither case was the form or optical ac- 
tivity of the amino nitrogen compound which was excreted determined. 
These results would suggest the same conclusion as has been reached 
above. It has recently been found (11) that rat liver slices deaminate 
d(—)-alanine more rapidly than the natural /(+) form, which is contrary 
to the idea we have expressed here. The metabolism of such unnatural 
groups of cells in an unnatural environment may be quite different from 
that which exists in the complex relationships of the intact organism. 
Consequently we are hesitant in drawing broad conclusions from such 
results except when they confirm data obtained from the intact organism. 
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of glycogen formation from the concentration in the liver involve 
the assumption that the liver content is proportional to the total 
catabolism of the compound being studied. This method has 
been widely used and probably has a reasonable basis when, as in 
this case, the compounds being compared are very similar in 
nature. 


SUMMARY 


In equimolecular doses the racemic dl-alanine forms as much 
hepatic glycogen as does the natural isomer /(+)-alanine. In 
the same dose d(— )-alanine is a much inferior glycogen former. It 
is suggested that d(—)-alanine is a better glycogen former when 
fed as a part of the racemic mixture than when fed alone, because 
the amount absorbed per hour is greatly reduced and this un- 
natural isomer is converted slowly and at a definitely limited 
rate. 
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SPECIFIC AND NON-SPECIFIC CELL POLYSACCHARIDES 
OF AN AVIAN STRAIN OF TUBERCLE BACILLUS* 


By SULO A. KARJALAT anp MICHAEL HEIDELBERGER 


(From the Department of Medicine, College of Physicians and Surgeons, 
Columbia University, and the Presbyterian Hospital, New York) 


(Received for publication, July 2, 1940) 


Previous communications from this laboratory have dealt with 
the complex mixture of polysaccharides extracted from defatted 
cells of a human strain, H-37 (1-3), and from the defatted cells of 
a bovine strain, M-1698 (4), of the tubercle bacillus. These 
polysaccharides were extracted by methods in which the use of 
heat, alkali, and mineral acid was avoided. This work has now 
been extended to include the cell polysaccharides of an avian 
strain, No. 531, of the tubercle bacillus.! 

The methods employed were essentially those used in the pre- 
vious work. Modifications are described in detail. 


EXPERIMENTAL 


600 gm. of dried, defatted, and ground avian tubercle bacilli, 
Strain 531, were shaken with chloroform and filtered by suction 
on a large Buchner funnel. The gummy solid was ground in a 
mortar with alcohol, refiltered, and washed with acetone by 
gravity. The acetone was removed by suction. The dry bac- 
terial mass, freed of large amounts of wax by this procedure, was 
wet with 1 liter of 3.5 per cent acetic acid, ground to a thin slurry 
in a mortar, and placed in a percolator provided with a porcelain 


*The work reported in this communication was carried out under a 
grant from the Research Committee of the National Tuberculosis Associa- 
tion, Dr. Wm. Charles White, Chairman, and in part under the Harkness 
Research Fund of the Presbyterian Hospital, New York. 

t National Tuberculosis Association Fellow. 

' We are indebted to the Mulford Biological Laboratories of Sharp and 
Dohme, Glenolden, Pennsylvania, Dr. John Reichel, and Mr. John Glenn 
for the tubercle bacilli and anti-human strain horse serum used. 
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filter plate covered with filter paper, asbestos, and a layer of puri- 
fied sand. The mass was then percolated under slight suction 
with 0.35 per cent acetic acid containing 0.5 per cent phenol for 1 
month, yielding 25 liters of percolate. Extraction was continued 
for 6 more months, during which 90 more liters of percolate were 
obtained. The two portions were concentrated in vacuo and 
worked up separately as Lots 554 and 555, as described in Flow 
Sheets I to IV. As in the previous work, all fractions were 
reprecipitated from the smallest possible amount of water until 
material of lower and higher solubility was removed. Extraction 
of Lot 554 with glacial acetic acid, after separation of the fraction 
soluble in strong alcohol, dissolved most of the colored substances 
with little extraction of serologically active polysaccharides and 
obviated the necessity for treatment with cupric acetate (4). 
Proteins were removed from the main fractions by shaking with 
chloroform (5). Inorganic phosphates were precipitated with 
uranyl acetate. Several additional treatments with chloroform 
and butyl alcohol were found to be effective in removing small 
amounts of colloidal uranyl phosphate. After fractionation the 
polysaccharides were precipitated from aqueous solution with 
redistilled acetone and dried to constant weight in vacuo over 
P,O;, NaOH pellets, and paraffin before analysis. The formation 
of colloidal solutions on the addition of acetone could generally 
be avoided by treatment of the aqueous solutions with 4 to 5 
volumes of methyl alcohol before addition of acetone. 

An attempt was made with Lot 555 to separate the serologically 
active polysaccharides by dialysis. Proteins, inorganic phos- 
phates, and the fraction soluble in strong alcohol were removed 
as before. The dark aqueous solution was shaken with basic 
copper carbonate to remove color, after which the solution was 
centrifuged and dialyzed in a cellophane tube against water at 
slightly reduced pressure. The outside solution (No. 555 IT) and 
the inside solution (No. 555 I) were concentrated in vacuo and 
fractionally precipitated with methyl alcohol as described in Flow 
Sheet IV. A total of 6.4 gm. of polysaccharide was obtained, of 
which 6.0 gm., or 94 per cent, were dialyzable. 


Lot 554 
The separation of the main fractions is indicated in Flow Sheet 
I, and the fractionation of Fraction 554 I into the principal 
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Flow Sheet I 


Seperation of Main Fractions of Carbohydrates from 








avian Tubercle Bacillus Cells and Fractionation of 554 A into Components 


Lot 554 extract, concentrated in vacuo 


Shaken with CHCls-BuOH and treated with 
10 vols. of EtOH 








+ ° 
Ppt. Solution 
554 A 


(Combined with 555 A) 
Dry ppt. extracted 
with HOAc 





rt Ss Concd. in vacuo to sirup, 
Residhe taken up in MeOH, then + 
Solution 6 vols. EtOH 
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£ 1 Ppt. 
1 Supernatant concd. 
554 I Solution in_ vacuo to sirup, 
| taken up in HOAc 





Pptd. with and pptd. with 2 vols. 
acetone acetone 








554 II J 


Supernatant 
into 10 vols. 
acetone 








Ay Supernatant concd. 
in vacuo to sirup, 
dissolved in 
acetone, centrifuged 
from NaOAc in the 
cold, and the 
acetone soln. 
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Flow Sheet III 


Seperation of Fraction 554 II (Flow Sheet I) into Component Fractions 





554 II 


Dissolved in water, seliva-treated, 
inorganic P removed with uranyl 
acetate, and the solution made up 
to 75% MeOH 
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fractions, C, Bz, and B,, corresponding to those obtained from the 
human strain (3), is indicated in Flow Sheet II, together with the 
subfractions obtained by further fractionation. The fractions 
soluble in 66 per cent methyl alcohol (I Cs, I Be, and I B;) all 
gave large amounts of crystalline magnesium sulfate when acetic 
acid was added dropwise in the cold to the aqueous solutions to 
80 per cent concentration. When Fraction II C, insoluble in 
75 per cent methyl! alcohol (Flow Sheet III), was made up to 50 
per cent by the dropwise addition of methyl alcohol in the cold, 
0.7 gm. of crystalline potassium sulfate was obtained. 

The main fraction, No. III (Flow Sheet I), soluble in glacial 
acetic acid, contained most of the color, but could be freed from 
this and separated into a number of fractions by methods pre- 
viously described (cf. also (3, 4)). Although 3.6 gm. of these 
fractions were isolated, all but one contained considerable nitrogen 
and, as they were either inactive or only slightly active in the 
antisera available, further details are omitted. 

12.6 gm. of fractions soluble in strong ethy! alcohol (Fractions 
554 A and 555 A) were very dark in color and were relatively 
inactive serologically. Details are also omitted. 

The yields and properties of the various fractions are included 
in Table I. 


L wot 555 


The fraction precipitable at 66 per cent methyl! alcohol, Frac- 
tion I C, was found to be completely dialyzable. The II C and 
II B, fractions, which were high in ash, were refractionated several 
times at 80 and 96 per cent acetic acid (Flow Sheet IV). The 
ash was reduced approximately 50 per cent, and the serological 
activity increased slightly. Yields and properties of the various 
fractions are given in Table II. 


Chemical Properties 


Treatment of the main fractions with uranyl acetate removed 
the major portion of inorganic phosphate, and, since in no case 
was the total phosphorus over 1 per cent, the amount of organic- 
ally bound phosphorus was small. Pentose was estimated by a 
modification of the Neumann test (6). Inosite was found in 
some of the fractions by the Scherer test, as noted in Tables I 
and II. 
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Fraction 554 I C, gave clear solutions during the fractionation 
procedure, but highly opalescent solutions were obtained when 
the isolated and dried material was dissolved in water for analysis. 
Treatment with n sodium hydroxide in the cold for 3 hours 
































TaBLe I 
Properties of Polysaccharide Fractions of Avian Strain 531 of Tubercle 
Bacillus 
Neu- | bas 
Fraction No. | Yield | falp | alg, |.¢7al| N | P | Penr |Ino-| Precipitin | ah 
| alent 

gm. degrees degrees | =e | nal | } A 

5541C, 2.68 | +72 | 0.5) 0.4) + | — | + (++) | 2.11 
IC (0.53 | +86, +98) | 0.7/ 0.3} ++ | & | + (++) | 1.9 
IC» (0.23 | +88 2000) 0.7) 0.2) ++ | & | + (++) | 1.3t 
ICs, 0.17 | +70, +81) =| 1.8/0.5) + | +| + (++) | 6.9 
IC» (0.10) +53 +69, 800, 2.90.2) + |++| + (++) | 1.0 
IC, (0.27 | +37) +49! 350) 6.5) 0.3) + |-| —(-) |08 
IC. [1.01 | +61) +72) 1000) 1.8, 0.6) ++ | + | + (++) | 1.2 
IB, 0.36 +67, +80) 1300) 1.5) 0.2+++| + | + (++) | 1.0 
IB; 0.62) +55, +64 2.1/0.9) + | +] + (++) | 3.9 
IB, 0.20 | +52) +60) 1.90.7) + | -— | — (++) | 5.8 
IB, 0.51 | +66) +79 1700 1.2, 0.91+++4) — | + (++) | 14 
IC = 2.20 | +26 +30) 3.3.0.9 + |—| +(+) /12.1 
IIB. {0.64 | +44) +51! 2.6, 0.44 + | —| + (++) {11.6 
ITB: (0.31 | +19] +23 4.4/0.9) + | — | — (+2) [12.1 
IIB:C [1.65 | +10 +14 3.2.0.9) + || — (&) [15.1 
ITB,C 0.51) +17, +21) 3.5| 0.7) + | — | + (++) {13.9 
ICI, 0.54%] +77, +93 4000 0.2/0.3) + | | + (+) | 0.2 
ICh, (0.28% +86 +107] 6500, 0.2.0.3 + | | + (++) | 0.5 








[a], N, and P are calculated to the ash-free basis. 

* Precipitin tests were carried out in 1:500,000 dilution with anti-H-37 
horse serum No. 5807-L. Readings after centrifugation are given in 
parentheses. 

+ Ash values marked thus were calculated as Mg, the others as Ca. 

t Obtained from Fraction I C, after treatment with NaOH, I CI, being 
insoluble, and I CI, soluble in 80 per cent acetic acid. 


gave a small amount of white flocculent precipitate which was 
washed by centrifugation and treated with hydrochloric acid. 
The acidified solution was filtered and the precipitate was re- 
crystallized repeatedly from methyl aleohol-water. The final 
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Flow Sheet IV 


Separation of Lot 555 into Component Fractions 





Lot 555 (aqueous solution) 





Proteins removed with CHC1s-Bu0H, phosphate removed 


with uranyl acetute, and the soln. poured into 
10 vols. of EtOH 

— L 

Ppt. J 
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Supernatant 555 A 
(Combined with 554 A) 
Ppt. dissolved in Hp0, treated 
with CuC0s.Cu(OH)> and the supernatant 
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crystalline product melted at 55-57°. A mixture with purified 
palmitic acid, melting at 60.5-61.5°, also melted at 55-57°. The 
acid filtrate gave a strong test for magnesium. The ash content 
of the recovered polysaccharide fell from 2.1 per cent to 0.2 per 
cent, and a portion of the fraction (I Cl,) was found to be soluble 
at 80 per cent acetic acid (Table I). 




















TaBe II 
Properties of Polysaccharide Fractions of Avian Strain 681 of Tubercle 
Bacillus 
ed eae 
Fraction No. | Yield | lalp la N | P IPentesel Ino-| Precipitin | Ash 
an poore ‘See PS ned Te —- — 
| gm. degrees |degrees} gent | cent f ad 
5551C | 0.01 Be? eee 
IB, | 0.22) +81) | 8700 | 1.4) 0.24+4++4/ + | + (++) | 0.4 
IB, | 0.13, +59 2.2) 0.2\+++| + | + (++) | 3.5 
ILC 2. 3 +44 +51) }1.8)0.5) + |} +) + (++) {10.7 
IIB: | 1.35) +57) +69 | 2.5) 0.4) ++ | + | +(++) | 8.1 
IIB, | 0. 97 +58) +66) 4.0/ 0.3\+++/ + | + (++) | 5.0 
11 1.32, -3) —5 |2.7}0.3) — |+| — (+) [15.2 
Cit | 0.79 +61 +72| }0.5) | ++] | +(++) | 6.4 
II Cst | 0.33 +28 +42 (15 ++) | ++ (++) ] 3.1 
IT Bst | 0.33) +45) +58 0.6) [+t++) | +# (+4) ) 4.1 
II CBst | 0.86, +56, +66 | 3.4 ++) | +(++) | 5.7 











la] , N, and P are calculated to the ash-free basis for the fractions on 
which ash was determined. 

* Carried out at 1:500,000 dilution with anti-H-37 horse serum No, 
5807-L. 

t Obtained after refractionation of Fractions II C and II B; as described 
in Flow Sheet IV. 


The corresponding 555 I C and II C fractions did not give 
opalescent solutions. 


Serological Properties of Principal Fractions 


All fractions were tested qualitatively with anti-H-37 horse 
serum, No. 5807-L, and the principal fractions were used for 
quantitative absorption of this serum and of pooled anti-avian 
rabbit sera obtained by the injection into rabbits of the dried, 
defatted Strain 531 of avian bacilli. The principal fractions 
gave positive precipitin tests at dilutions of 1:2 million in Serum 
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TaBLe III 


Quantitative Absorption of 5.0 Ml. of Anti-H-37 Horse Serum No. 5807-L 
with 0.10 Mg. Portions of Lot 554 Polysaccharide Fractions 





——————_—__—— 
| Nitrogen pptd. 











Fraction No : —— 
} Ist absorp- | 2nd absorp- | 3rd absorp- | 4th absorp- Total 
tion tion tion tion 
| mg. mg. mg. mg. mg. 
554 1 B; 0.354 | 0.108 0.010 | | 0.472 
I Ca, 0.362 0.086 0.006 | | 0.454 
IC» | 0.416 0.046 0.008 | 0.470 
I Cos 0.112 0.058 0.028 | 0.030 | 0.228 
I Ca 0.152 0.080 0.058 0.034 | 0.324 
IC, 0.064 0.020 0.016 | 0.020 | 0.120 
I B, 0.506 0.012 0.002 | | 0.520 
IB, 0.376 0.090 0.008 | 0.474 
I B, 0.416 0.028 0.010 | 0.454 
IC, 0.118 0.044 0.048 / 0.210 
IC, 0.356 0.096 0.010 | | 0.462 
ILC 0.104 0.088 0.070 | 0.042 | 0.304 
II B, 0.186 0.132 0.04 | 0.012 | 0.376 
II B, 0.016* 0.150 | 0.078 0.022 | 0.266 
II B.C 0.078 0.070 0.036 0.004 0.188 
II B,C 0.184 0.100 | 0.020 0.00 | 0.304 
III Bis 0.158t 0.106 0.034 | 0.010 | 0.308 








* Only 0.02 mg. of polysaccharide was added for the first absorption. 
t One tube only. 


TABLE IV 


Quantitative Absorption of 3.0 Ml. of Anti-H-37 Horse Serum with 0.1 Mg. 
Portions of Lot 555 Polysaccharide Fractions 











Nitrogen pptd. } 
> | TotalN 
Fraction No. — a Er EE —" a. 5.0 
| Ist absorp- | 2nd absorp- | 3rd absorp- pee. ml. serum 
| tion tion tion 
= ‘ EE TR TR oe “ —_ 
mg. mg mg. mg. mg. 
555 1 C | 0.192 0.096 0.008* | 0.296 0.493 
I B, 0.328 | 0.014 0.342 0.570 
IB | 0.310 | 0.010 0.320 | 0.533 
ILC | 0.114 0.058 0.026* | 0.198 0.330 
II B; | 0.286 0.016 | 0.302 0.503 
II B,; | 0.244 0.010 0.254 | 0.423 











* 0.05 mg. of polysaccharide used. 
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5807-L. The precipitin tests in Tables I to III are recorded only 
for the 1:500,000 dilution in order to emphasize differences be- 
tween highly active and relatively inactive fractions. Quantita- 
tive absorptions were run on 3.0 to 5.0 ml. of Serum 5807-L and 
pooled anti-avian rabbit serum (Tables III to V). All analyses 
were run in duplicate and all manipulations were carried out in 
the cold, the tubes being allowed to stand for 2 days after the 
first addition of polysaccharide and 5 to 7 days for each succeeding 
absorption. Qualitative cross precipitin tests were run on the 
supernatants from the quantitative absorptions. For comparison 


TABLE V 


Quantitative Absorption of 5.0 ML. of Pooled Anti-Avian Rabbit Sera (Rabbits 
6.56 {0 6.60) with 0.1 Mg. Portions of Lot 554 Polysaccharide Fractions 





Nitrogen pptd. 

Fraction No. c ; ee _— ae ~ 

Ist absorp- 2nd absorp-|3rd absorp- 4th absorp- 5th absorp-! po 44) 
tion tion ion* tion* tion* 

mg. mg. mg. mg. mg. } mg. 
554 1C, 0.092 0.044 0.072 0.076 0.050 0.334 
I Coy 0.324 0.208 0.172 0.020 0.724 
I Ca, 0.414 0.226 0.112 0.004 0.756 
IC, 0.308 0.192 0.088 | 0.026 0.614 
IB. 0.428 0.090 0.088 0.018 0.624 
I Bs 0.184 0.136 0.094 0.036 0.450 
1 By 0.274 | 0.130 0.064 | 0.034 0.502 
IB, 0.328 0.036 0.014 0.010 | 0.388 


Human type Fraction 520 C precipitated 0.780 mg. of N. 
*0.2 mg. of polysaccharide used. 


the C, Bo, and B, fractions of the human strain (3) were also used 
in absorption studies on pooled anti-avian rabbit serum. 


DISCUSSION 


The amount of polysaccharides isolated from defatted cells of 
Strain 531 of the avian tubercle bacillus was only about one-half 
that obtained from similar quantities of the human and avian 
strains studied. While this may not be a constant characteristic 
of the three types of tubercle bacilli, a similar variation did not 
occur in the amount of water-soluble polysaccharides carried over 
into the lipids of these strains, as the quantities found were 
approximately equal (7). 
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On the basis of the quantities of serologically active and inactive 
carbohydrate fractions isolated from the avian bacillus this strain 
appears to occupy an intermediate position between the human 
and bovine strains. Lot 555 contained 79 per cent of material 
serologically active at 1:500,000 dilution, while Lot 554 contained 
70 per cent. It will be recalled (ef. (4) Table V) that 87 per cent 
of the polysaccharides isolated from defatted cells of the H-37 
human strain of tubercle bacillus was serologically active at a 
dilution of 1:500,000, while only 17 per cent of active fractions 
could be recovered from cells of the bovine type. Moreover, 
in the case of the bovine polysaccharides it was found advan- 
tageous to work up the percolate in two successive portions, as 
the serologically inactive polysaccharides were concentrated to a 
considerable extent in the earlier portions of the extract ((4) 
Table V). The corresponding avian percolates, as shown by the 
fractionation of Lots 554 and 555, contained almost the same pro- 
portion of active and inert components. 

The ease with which the avian polysaccharides passed through 
cellophane into water was at first surprising, but it was found 
that even the human type fraction, 520 C, which contained com- 
bined magnesium palmitate (3), dialyzed with equal ease. It is 
therefore probable that the tubercle bacillus polysaccharides do 
not have the high molecular weights characteristic of many of 
the bacterial polysaccharides in undegraded form, and this is 
further indicated by the failure of their aqueous solutions to 
show high viscosities. 

The qualitative and quantitative serological tests show that the 
avian fractions exhibit immunological specificities similar to 
those of the corresponding fractions of the human and bovine 
types (see also Table VI). The independent specificity of certain 
of the B fractions is equally marked. The I C, fraction corre- 
sponds chemically with the C fraction of the human strain in that 
both split off magnesium palmitate when treated with alkali, 
but the avian I C, precipitated far less antibody from both 
anti-H-37 horse serum and anti-avian rabbit serum than did the 
human type C fraction ((3) and Tables III and V). Evidence of 
an independent C specificity, as in the human strain, was obtained, 
however, since Serum 5807-L, absorbed with avian Fraction 554 
I Bi, gave precipitates with Fractions 554 I C; and I Cy. Many 
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of the avian fractions (Nos. 554 I Ce, I Be, and I B,) also resembled 
corresponding products from the human type in removing all 
precipitins from both anti-H-37 and anti-avian type sera, thus 
showing a combination of B and C specificities in spite of rigorous 
fractionation. Others, such as Fractions 554 I B,, I Ca, and 
I Cy, failed to remove all precipitins from the anti-H-37 horse 
serum but absorbed them from the anti-avian rabbit serum. In 
spite of this no claim can be made that any fraction was avian- 
specific. Absorption of anti-avian rabbit sera with the human 
strain Fraction 520 B., completely removed precipitins for all 
avian strain polysaccharides, and, conversely, absorption of the 
sera with the avian strain Fraction 554 I B, removed precipitins 
for the principal human strain polysaccharides which were 
tested. 

In the quantitative absorptions of Serum 5807-L the I B, 
fractions yielded the largest amounts of precipitable nitrogen, 
but in the pooled anti-avian rabbit sera Fractions 554 I C2, and 
I Cy, removed more antibody nitrogen than did the others. 
However, even slightly more antibody nitrogen was removed 
from this serum by the human type Fraction 520 C, although the 
absorbed serum still contained antibodies precipitable by Fraction 
550 B,? and by the human type Fractions 520 Be, and 520 B, 
(see also Table VI). 

As in the case of the human and bovine type fractions, the 
avian type polysaccharides high in serological activity were also 
generally found to be high in pentose, lending further support to 
the suggestion (4, 8) that the active fractions contain pentose as 
an essential component. Serologically inert carbohydrate frac- 
tions high in organic phosphorus seemed lacking in the avian 
strain, although products of this nature were isolated from cells 
of both the human and bovine types. The more soluble phos- 
phorylated but serologically inactive carbohydrate in Fractions 
530 Cy, and Cy, which seemed specific for the bovine strain (4), 
was not encountered, so that this product would still seem to be 
a chemical substance characteristic of the bovine strain. Other 
differences were also noted. For example, fractions corresponding 
to the serologically inert human type Fractions 520 B,C and B,C 


* From an earlier preparation, not described in the present paper. 
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and the bovine Fractions 530 B,C, ByC, and B;C were not en- 
countered. Instead, appreciable amounts of magnesium sulfate 
separated under conditions in which these fractions were expected. 
In this sense an inorganic salt might be said to be the only avian- 
specific substance isolated in the course of the present study. 


SUMMARY 


1. The polysaccharides extracted from the cells of an avian 
strain, No. 531, of tubercle bacillus were intermediate between 
those isolated from human and bovine strains with respect to the 
proportion of serologically active material, but the yield of poly- 
saccharides was lower than in the other types. 

2. The specific polysaccharides showed the same immunological 
specificities as did those of the human and bovine types. The 
portion corresponding to the C fraction in these types was weaker 
in serological activity. 

3. No soluble serologically inactive, phosphorylated carbohy- 
drate corresponding to that found in the bovine strain was en- 
countered. 

4. Serological activity of the avian polysaccharide is highest 
in the fractions containing pentose, as in the human and bovine 


types. 
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THE URINARY EXCRETION OF STEROID COMPOUNDS 
I. NORMAL MALE SUBJECTS* 


By LEWIS L. ENGEL, t GEORGE W. THORN, anv ROGER A. LEWIS} 


(From the Chemical Division, Department of Medicine, the Johns Hopkins 
University and Hospital, Baltimore) 


(Received for publication, July 19, 1940) 


This study represents an attempt to develop a procedure for the 
separation and isolation of steroid compounds from the urine of 
normal male subjects. 


Methods 


A concentrate of 1000 liters of human male urine was prepared 
by the method of Curtis, MacCorquodale, Thayer, and Doisy (1). 
After removal of acidic and phenolic material, the neutral fraction 
of this concentrate was treated with Girard’s Reagent P (2). 
From the ketonic and non-ketonic fractions thus obtained, al- 
coholic constituents were removed as half succinates (3). The 
alcoholic fractions were treated with an excess of digitonin in order 
to separate the C; epimers. 

From the six fractions obtained, five crystalline compounds were 
isolated and identified: trans-dehydroandrosterone (68 mg.), 
androsterone (117 mg.), etiocholanol-3(a)-one-17 (27 mg.), 
cholesterol (59 mg.), and pregnanediol-3(a),20(a) (63 mg.). 

Further investigations of the syrupy portions of the non-ketonic 
alcoholic fractions as well as the non-alcoholic ketonic fraction 
and the non-ketonic non-alcoholic fraction will be reported at a 
later date. 


* This study was aided by a grant from the Committee on Research in 
Endocrinology, National Research Council. 

A preliminary report was presented at the annual meeting of the Ameri- 
ean Physiological Society at New Orleans, March 16, 1940 (Am. J. Physiol., 
129, P352 (1940)). : 

t John D. Archbold Fellow in Medicine. 

t Henry Strong Denison Scholar. 
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DISCUSSION 


It must be pointed out that the yields of the known compounds, 
trans-dehydroandrosterone, androsterone, etiocholanol-3(a)-one- 
17, and cholesterol (Table I) are considerably lower than those 
reported by other workers. While no figures are available for the 
amount of pregnanediol-3(a),20(a2) in human male urine, the 
same considerations apply. We feel that this discrepancy can 
be attributed to the relative inefficiency of the benzoic acid ad- 
sorption method as compared with the solvent extraction pro- 
cedures used by other workers and that the actual and relative 


TaBLe I 
Steroid Compounds in Human Male Urine 





Quantity isolated 











Compound - aan 
| authors® | Previous authorst 
mg. per l. | mg. per l. 

trans-Dehydroandrosterone : 0.07 0.2(4) 
Androsterone.............. ; 017 1.6(4) 
Etiocholanol-3(a)-one-17. . 0.03 1.4(4) 
Cholesterol....... dint | 0.06 | 0.01$() 

0.3 §(6, 7) 
Pregnanediol-3(a) ,20(a)...... POP, 0.06 





* The amounts of pure substances isolated have no quantitative physi- 


ological significance. 
t The figures in parentheses represent bibliographic references. 
t Based on the amount of analytically pure cholestery] acetate isolated. 
§ This value was obtained by the extraction of unhydrolyzed urine. 


amounts of pure substances isolated by us have no quantitative 
physiological significance. 

In a recent publication Callow and Callow (4) have suggested 
that since trans-dehydroandrosterone is excreted in increased 
amounts (2 mg. per liter) in the urine of a eunuch, this compound 
may be of extragonadal (adrenal cortex?) origin. This is con- 
sistent with the observation that the normal female (8) as well 
as the castrate female (9) excretes this compound in an amount 
comparable with that excreted by the normal male (10). Addi- 
tional evidence bearing on this point is provided by the observation 
of Crooke and Callow (11) that there is an increased excretion of 
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trans-dehydroandrosterone in patients with adrenal cortical 
tumors. 

Androsterone and etiocholanol-3(a@)-one-17 are also constituents 
of the urine of normal males (10), castrate males (4), normal fe- 
males (8), and castrate females (9), although the amounts ex- 
creted by the castrate male are significantly smaller (0.6 mg. of 
androsterone and 0.9 mg. of etiocholanol-3(@)-one-17 per liter) 
than those excreted by the normal male (Table I). In addition, 
Marker and Lawson (12) have isolated androsterone from the 
urine of pregnant women and Butler and Marrian (13, 14) have 
obtained etiocholanol-3(a)-one-17 from the urine of a woman 
suffering from adrenal hyperplasia. The observation of Callow 
(10) and Dorfman, Cook, and Hamilton (15) that the injection 
of massive doses of testosterone in male patients suffering from 
hypogonadism is followed by an increased excretion of androster- 
one and etiocholanol-3(a)-one-17 suggests that in part, at least, 
these compounds are of gonadal origin and indicates that the 
reduction of testosterone can take place in some site other than 
the testis. 

Further evidence on this point has been obtained by Dorfman 
and Hamilton (16) who observed an increased amount of andros- 
terone in the urine of a eunuchoid patient following the oral ad- 
ministration of testosterone, androsterone, androstanediol-3(a),17, 
androstanedione-3,17, and androstene-4-dione-3,17. 

Pregnanediol-3(a),20(a@) is generally recognized as a normal 
constituent of gravid and non-gravid human female urine. The 
isolation of pregnanediol-3(a),20(a@) from human male urine and 
from the urine of a normal male subject following the injection of 
progesterone (17) suggests that the human male is able to effect 
the reduction of progesterone to pregnanediol. Marker, Wittle, 
and Lawson (18) have isolated pregnanediol-3(a),20(a@), allo- 
pregnanediol-3(a),20(a), and allopregnanediol-3(8),20(a@) from 
bull urine but no traces of the pregnanediols could be obtained 
from steer urine (19). Beall (20) was able to isolate progesterone 
and allopregnanol-3(8)-one-20 from ox (steer) adrenal glands. 
This would suggest that in this species the testis may play some 
réle in the reduction of progesterone to the pregnanediols and that 
in the absence of the testis the degradation proceeds to unrecog- 
nizable products. In this connection it is interesting to note that 
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no pregnanediols could be recovered from the urine of the pregnant 
rhesus monkey following the injection of progesterone or preg- 
nanediol (21). 


EXPERIMENTAL 


Collection and Hydrolysis—Normal human male urine was col- 
lected in 5 gallon carboys and preserved under toluene. To each 10 
liter portion of urine after removal of the toluene, | liter of con- 
centrated hydrochloric acid was added and the mixture was al- 
lowed to stand at room temperature for 7 to 10 days. 

Precipitation—The hydrolysate was then precipitated with so- 
dium benzoate according to the procedure described by Curtis, 
MacCorquodale, Thayer, and Doisy (1) with 20 gm. of sodium 
benzoate per liter of urine. 20 kilos of benzoic acid were obtained 
from 1000 liters of urine. 

Preparation of Benzoic Acid-Free Concentrate—(A) 200 gm. of 
benzoic acid were shaken vigorously with 1500 ml. of dry ether 
which had previously been used in step (B) and the clear ether 
solution filtered off. ‘(B) The residue was then extracted with 
four 400 ml. portions of fresh ether and the insoluble material 
filtered off and discarded. (C) The filtrate from (A) was shaken 
with sodium hydroxide until the aqueous solution was just alkaline 
to phenolphthalein. Decreasing volumes of alkali were used 
so that the last washings were carried out with 25 ml. portions. 
(D) The sodium hydroxide washings were combined and shaken 
out with four 400 ml. portions of ether. The ether washings were 
combined with the alkali-washed ether solutions, allowed to stand 
overnight in a dry vessel, and evaporated to a syrup on the steam 
bath. (#) The syrups obtained from several batches of benzoic 
acid were combined, taken up in ether, and washed with sodium 
hydroxide until the washings were alkaline to phenolphthalein. 
The washings were shaken back with ether and the combined 
ether solutions were concentrated to a syrup on the steam bath. 

The final product was a viscous dark red syrup. 

Separation of Neutral and Acidic Fractions—The crude syrup 
from 1000 liters of urine was dissolved in | liter of 10 per cent 
ethanolic potassium hydroxide and boiled under a reflux for 3 
hours. The reaction mixture was then evaporated to about 500 
ml. and poured into a mixture of | kilo of ice, 1000 ml. of water, 
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and 550 ml. of 5 n hydrochloric acid and shaken out with butanol 
(3 liters). The butanol solution was washed with nineteen 100 
ml. portions of 5 per cent sodium bicarbonate. The bicarbonate 
washings were shaken back once with butanol. 

The butanol solution was diluted with 2 volumes of petroleum 
ether (b. p. 35-60°) and shaken out with 100 ml. portions of 2 N 
sodium hydroxide. The alkaline washings were shaken back 
three times with a butanol-petroleum ether mixture. The 
butanol-petroleum ether solution was then washed with 100 ml. 
portions of water until the washings were colorless. The com- 
bined alkali and water washings were acidified to Congo red with 
5 n hydrochloric acid and extracted with ether. The ether solu- 
tion was washed with water, dried over sodium sulfate, and evap- 
orated to dryness, yielding 1.52 gm. of acidic and phenolic mate- 
rial. 

The butanol-petroleum ether solution was washed with 100 
ml. portions of 2 n hydrochloric acid until the washings were 
colorless, and finally with water. After removal of the solvents 
18.3 gm. of neutral material were obtained. 

Separation of Neutral Ketones from Neutral Non-Ketonic Frac- 
tion—The neutral fraction (18.3 gm.) was dissolved in 120 ml. 
of absolute ethanol and boiled under a reflux for an hour with 12 
gm. of glacial acetic acid and 6.8 gm. of Girard’s Reagent P (2). 
After the mixture was worked up in the usual manner, 3.81 gm. 
of neutral ketonic and 9.98 gm. of neutral non-ketonic material 
were obtained. 

Separation of Alcoholic from Non-Alcoholic Neutral Ketones— 
The neutral ketonic fraction (3.81 gm.) was dissolved in 60 ml. of 
dry pyridine and treated with 12 gm. of succinic anhydride (3). 
After being warmed gently to effect solution the reaction mixture 
was allowed to stand at room temperature for 46 hours, warmed 
on the steam bath for } hour, and poured into 750 ml. of ice water. 
By the usual methods, 1.03 gm. of neutral non-alcoholic ketonic 
and 2.32 gm. of neutral alcoholic ketonic material were isolated. 

Separation of Alcohols from Neutral Non-Ketonic Fraction— 
The neutral non-ketonic fraction (9.98 gm.) was treated with 30 
gm. of succinic anhydride and 150 ml. of pyridine. 3.93 gm. of 
neutral non-ketonic non-alcoholic material and 4.29 gm. of neu- 
tral non-ketonic alcoholic material were obtained. 
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All four fractions were retreated with Girard’s Reagent P. 
The neutral alcoholic ketone fraction (2.32 gm.) yielded 0.38 gm. 
of neutral non-ketonic alcohols and 1.85 gm. of neutral ketonic 
alcohols; the neutral non-alcoholic ketone fraction (1.03 gm.) 
yielded 0.22 gm. of neutral non-ketonic non-alcoholic material 
and 0.77 gm. of neutral non-alcoholic ketones; the neutral non- 
ketonic alcohol fraction (4.29 gm.) yielded 3.98 gm. of neutral 
non-ketonic alcohols and 0.21 gm. of neutral ketonic alcohols; 
and the neutral non-ketonic non-alcoholic fraction (3.93 gm.) 
yielded 0.06 gm. of neutral ketonie non-alcoholic material and ap- 
proximately 3.75 gm. of neutral non-ketonic non-alcoholic material 
which was not weighed because of the difficulty in drying the mate- 
rial to constant weight. 

After combination of similar fractions the four fractions were 
retreated with succinic anhydride and pyridine. The neutral 
non-ketonic alcohol fraction (4.36 gm.) yielded 0.66 gm. of neutral 
non-ketonic non-alcoholic material and 3.41 gm. of neutral non- 
ketonic alcohols; the neutral ketonic alcohol fraction (2.06 gm.) 
vielded 0.54 gm. of neutral non-alcoholic ketones and 1.42 gm. of 
neutral alcoholic ketones; the neutral non-ketonic non-alcoholic 
fraction (about 3.9 gm.) yielded about 3.1 gm. of neutral non- 
alcoholic non-ketonic material and 0.34 gm. of neutral non-ketonic 
aleohols; and the neutral non-alcoholic ketone fraction (0.83 gm.) 
yielded 0.44 gm. of neutral non-alcoholic ketones and 0.29 gm. of 
neutral ketonie alcohols. 

Digitonin Precipitation of Neutral Ketonic Alcohols—The neutral 
ketonic alcohol fractions were combined (1.71 gm.) and dissolved 
in 200 ml. of hot 60 per cent methanol. The clear solution was 
treated with a hot solution of 4 gm. of digitonin in 100 ml. of hot 
60 per cent methanol. Precipitation of digitonides took place 
immediately. After the material was chilled overnight the pre- 
cipitate was filtered off, washed with a small quantity of ice-cold 
60 per cent methanol, and dried. 

The filtrate and washings were evaporated to dryness under 
reduced pressure. The residue was dissolved in absolute ethanol 
and again taken down to dryness under reduced pressure. The 
final residue was warmed on the steam bath for } hour with 15 
ml. of dry pyridine. The solution was poured into 150 ml. of 
dry ether and the precipitated digitonin was filtered off and 
washed with ether. The filtrate and washings were washed with 
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n hydrochloric acid and then with water. The solution was dried 
over sodium sulfate and evaporated to dryness. The yield of 
neutral ketonic alcohols not precipitated by digitonin was 1.38 


gm. 

The solid digitonides were heated on the steam bath for } hour 
with 10 ml. of pyridine and the solution was poured into 100 ml. 
of ether. The precipitated digitonin was filtered off and washed 
with ether. The filtrate and washings were washed with n hydro- 
chloric acid and water, dried over sodium sulfate, and evaporated 
to dryness. 0.38 gm. of neutral digitonin-precipitable ketonic 
alcohols was obtained. 

Digitonin Precipitation of Neutral Non-Ketonic Alcohols—The 
neutral non-ketonic alcohol fraction (3.76 gm.) was dissolved in 
500 ml. of hot 60 per cent methanol and treated with a hot solution 
of 8.0 gm. of digitonin in 200 ml. of hot 60 per cent methanol. 
The mixture was chilled overnight and the digitonides filtered off, 
washed with cold 60 per cent methanol, and dried. 

The precipitate and filtrate were worked up as above and yielded 
respectively 1.73 gm. of neutral non-ketonic digitonin-precipitable 
aleohols and 1.97 gm. of neutral non-ketonie alcohols not precipi- 
tated by digitonin. 

Isolation of Trans-Dehydroandrosterone—The neutral ketonic 
digitonin-precipitable alcohol fraction (0.38 gm.) was extracted 
repeatedly with boiling hexane. The hexane extracts were fil- 
tered and allowed to evaporate slowly at room temperature. The 
fine colorless needles which separated were filtered off and re- 
crystallized once from hexane. 38 mg. of material, m.p. 145 
146.5°,' were obtained. The mother liquors were evaporated to 
dryness and the residue was treated with 1 ml. of pyridine and 
0.3 ml. of benzoyl chloride and heated on the steam bath for 15 
minutes. The solution was diluted with water and filtered. The 
crystals were washed with cold methanol and recrystallized from 
ethyl acetate. trans-Dehydroandrosterone benzoate (15 mg.) 
melting at 229-235° was obtained. 

The material insoluble in hexane was dissolved in 10 ml. of 
methanol and boiled under a reflux with 300 mg. of semicarbazide 
hydrochloride and 350 mg. of sodium acetate (hydrated) for 2 
hours. After the material was chilled, the precipitate was filtered 


1 All the melting points are corrected. 
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off and recrystallized from 95 per cent ethanol, yielding 36 mg. 
of trans-dehydroandrosterone semicarbazone, m.p. 263-265°. 

The benzoate was also prepared from 36 mg. of the free ketone, 
m.p. 146-146.5°, and 13 mg. of benzoate, m.p. 247-250°, and 10 
mg. of material, m.p. 241-244°, were obtained. When the higher 
melting fraction was mixed with an authentic specimen of trans- 
dehydroandrosterone benzoate, no depression of the melting 
point was observed. 

Isolation of Androsterone and Etiocholanol-3(a)-One-17?—The 
fraction consisting of neutral ketonic alcohols not precipitated by 
digitonin (1.38 gm.) was extracted repeatedly with boiling hexane 
and the extracts evaporated to dryness. The residue was acet- 
ylated by treatment with 3 ml. of acetic anhydride and 3 ml. 
of pyridine on the steam bath for 2} hours. The reaction mixture 
was diluted with water and chilled. The precipitated solid was 
filtered off and washed with water. 

The brown hexane-insoluble residue was dissolved in 20 ml. of 
methanol and treated with a solution of 0.5 gm. of semicarbazide 
hydrochloride and 0.6 gm. of sodium acetate. After boiling under 
a reflux for 2 hours the mixture was cooled, filtered, and the semi- 
carbazone washed with water and methanol and dried. The 
semicarbazone mixture was suspended in a mixture of 7.5 ml. 
of ethanol, 4 ml. of water, and 1 ml. of concentrated sulfuric 
acid and refluxed for 2 hours. The reaction mixture was diluted 
with water and extracted with ether. The extract was washed 
with water, dried over sodium sulfate, and evaporated to dryness. 
The residue was acetylated by treatment with 1 ml. of acetic 
anhydride and | ml. of pyridine on the steam bath for 2 hours. 
The reaction mixture was diluted with water and chilled, and the 
partly crystalline solid filtered off, washed with water, and com- 
bined with the main batch of acetates. 

The crude acetates were fractionally crystallized from aqueous 
methanol by the “triangle method.’”’ From the least soluble frac- 
tions 134 mg. of androsterone acetate, m.p. 159.5-161.5°, were 
obtained. Saponification yielded androsterone, m.p. 182~-183°, 
after one recrystallization from aqueous methanol. The melting 
point was not depressed upon admixture with an authentic speci- 
men of androsterone.* 


? The authors are indebted to Dr. W. Fleischmann for the specimen of 
androsterone. 
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The more soluble material yielded fractions ranging in melting 
point from 84-113°. These were combined and boiled under a 
reflux for 1} hours with 10 ml. of 5 per cent methanolic potassium 
hydroxide. After standing at room temperature overnight, the 
reaction mixture was diluted with water, extracted with ether, 
and the extract washed with water, dried over sodium sulfate, 
and evaporated to dryness. 

The pale yellow syrupy residue was dissolved in 35 ml. of carbon 
tetrachloride and passed through a column of aluminum oxide 
(Merck, standardized according to Brockmann) 15 mm. in diam- 
eter and 150 mm. in height. The column was developed with 100 
ml. of carbon tetrachloride and then eluted with 100 ml. portions 
of 0.1, 0.2, 0.3, and 0.5 per cent ethanol in carbon tetrachloride 
and finally with 200 ml. of 1 per cent ethanol in carbon tetra- 
chloride. 

The fraction eluted by 0.5 per cent ethanol in carbon tetra- 
chloride was dissolved in 0.5 ml. of pyridine, treated with 0.05 
ml. of benzoyl chloride, and warmed on the steam bath for 15 
minutes. After dilution with water the mixture was chilled over- 
night. The water was decanted off and the residual oil washed 
with water and taken up in methanol. After dilution with water 
and chilling, crystals, m.p. 151-154.5°, separated. One recrys- 
tallization raised the melting poipt,to 162-163°. The melting 
point was not depressed by admitture with an authentic specimen 
of etiocholanol-3(a)-one-17&*37 mg. of etiocholanol-3(a)-one-17 
benzoate were obtained. Saponification with methanolic sodium 
hydroxide yielded etiocholanol-3(a)-one-17, m.p. 150-151°, after 
one recrystallization from aqueous methanol. The melting 
point was not depressed by admixture with an authentic specimen 
of etiocholanol-3(a)-one-17.* 

Isolation of Cholesteryl Acetate—The neutral non-ketonic digi- 
tonin-precipitable alcohol fraction (1.73 gm.) was dissolved in 7 
ml. of pyridine and 5 ml. of acetic anhydride, warmed on the steam 
bath for } hour, and allowed to stand at room temperature for 22 
hours. After evaporation to dryness under reduced pressure, 
the residue was dissolved in 100 ml. of ether and the solution was 
washed with dilute hydrochloric acid, dilute sodium carbonate, 
and water, dried over sodium sulfate, and evaporated to dryness. 


*The authors are indebted to Dr. H. Hirschmann for the specimen of 
etiocholanol-3(a)-one-17 and its benzoate. 
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The residual syrup was dissolved in hot 95 per cent ethanol, 
filtered, and chilled. The semicrystalline precipitate was filtered 
off and, after three recrystallizations from ethanol and one 
from ether-ethanol mixture, 65 mg. of cholesteryl acetate, m.p. 
114-115°, were obtained. The melting point was not depressed 
on admixture with an authentic specimen of cholesteryl acetate. 

Isolation of Pregnanediol-3(a),20(a)—The neutral non-ketonic 
alcohols not precipitated by digitonin (1.97 gm.) were dissolved 
in 8 ml. of pyridine and 6 ml. of acetic anhydride, heated on the 
steam bath for 1} hours, and allowed to stand at room temperature 
for 22 hours. The reaction mixture was evaporated to dryness 
under reduced pressure and the residue dissolved in ether. The 
ether solution was washed with dilute hydrochloric acid, dilute 
sodium carbonate, and water, dried over sodium sulfate, and 
evaporated to dryness. 

The residue was dissolved in 10 ml. of benzene and poured 
through a column of aluminum oxide 420 mm. in height and 8 
mm. in diameter. The column was then washed with successive 
portions of pentane (four 10 ml. washings), benzene (five 10 ml. 
washings), ethyl acetate (four 10 ml. washings), acetone (two 10 
ml. washings), and methanol (two 10 ml. washings). The first 
two pentane washings were evaporated to dryness and the residual 
clear yellow syrups were dissolved in cold methanol and diluted 
with a small amount of water. After the material was chilled, 
the semicrystalline products were fiftered off and combined. 

After two recrystallizations from methanol 73 mg. of pregnane- 
diol-3(a),20(a) diacetate, m.p. 176.5-178°, were obtained. From 
the mother liquors an additional 6 mg., m.p. 176.5-178.5°, were 
isolated. No depression of the melting point was observed when 
this compound was mixed with an authentic specimen of preg- 
nanediol-3(a),20(a) diacetate. 

Saponification of the diacetate by boiling for 2 hours with 10 
per cent methanolic potassium hydroxide and recrystallization of 
the product from aqueous ethanol yielded pregnanediol-3(a),- 
20(a), m.p. 234.5-236.5°, which was not depressed by admixture 
with an authentic specimen. 


SUMMARY 


1. A systematic procedure for the separation and isolation of 
steroid compounds from urine has been developed and applied 
to the urine of human male subjects. 
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2. The isolation and identification of androsterone, etiocholanol- 
3(a)-one-17, trans-dehydroandrosterone, cholesterol, and preg- 
nanediol-3(a),20(a) are described. 

3. Theories concerning the origin of these compounds are dis- 


cussed. 


The authors wish to acknowledge the technical assistance of 
Mr. Harry Eisenberg. 


BIBLIOGRAPHY 


. Curtis, J. M., MaecCorquodale, D. W., Thayer, 8. A., and Doisy, E. A., 
J. Biol. Chem., 107, 191 (1934). 
. Girard, A., and Sandulesco, G., Helv. chim. acta, 19, 1095 (1936). 
. Dutcher, J. D., and Wintersteiner, O., J. Am. Chem. Soc., 61, 1992 
(1939). 
. Callow, N. H., and Callow, R. K., Biochem. J., 34, 276 (1940). 
. Butenandt, A., and Dannenbaum, H., Z. physiol. Chem., 248, 151 (1937). 
Bloch, E., and Sobotka, H., J. Biol. Chem., 124, 567 (1938). 
. Sobotka, H., and Bloch, E., Am. J. Cancer, 36, 50 (1939). 
. Callow, N. H., and Callow, R. K., Biochem. J., 32, 1759 (1938); 33, 931 
(1939). 
9. Hirschmann, H., J. Biol. Chem., 180, 421 (1939). 
10. Callow, N. H., Biochem. J., 33, 559 (1939). 
ll. Crooke, A. C., and Callow, R. K., Quart. J. Med., 8, 233 (1939). 
12. Marker, R. E., and Lawson, E. J., J. Am. Chem. Soc., 60, 2928 (1938). 
13. Butler, G. C., and Marrian, G. F., J. Biol. Chem., 124, 237 (1938). 
14. Marrian, G. F., and Butler, G. C., Nature, 142, 400 (1938). 
15. Dorfman, R. I., Cook, J. W., and Hamilton, J. B., J. Biol. Chem., 130, 
285 (1939). 
16. Dorfman, R. I., and Hamilton, J. B., J. Biol. Chem., 183, 753 (1940). 
17. Buxton, C. L., and Westphal, U., Proc. Soc. Exp. Biol. and Med., 41, 
284 (1939). 
18. Marker, R. E., Wittle, E. L., and Lawson, E. J., J. Am. Chem. Soc., 
60, 2931 (1938). 
19. Marker, R. E., J. Am. Chem. Soc., 61, 1287 (1939). 
20. Beall, D., Biochem. J., 32, 1957 (1938). 
21. Marker, R. E., and Hartman, C. G., J. Biol. Chem., 188, 529 (1940). 


— 


ew bw 


COND ors 





























INCREASED EXCRETION OF URINARY AMMONIA IN THE 
DOG FOLLOWING THE INTRAVENOUS INJECTION 
OF BOTH NATURAL AND UNNATURAL FORMS 
OF CERTAIN AMINO ACIDS* 


By SIDNEY BLISS 
(From the Department of Biochemistry, Tulane University, New Orleans) 


(Received for publication, July 25, 1940) 


The purpose of this investigation was to determine whether or 
not there would be an increased excretion of urinary ammonia 
when amino acids were furnished as precursors for this ammonia 
formation in addition to the amino acids already available in the 
blood stream. When it was found that there was increased ammo- 
nia elimination following the intravenous injection of amino acids, 
attention was directed to the effectiveness of the natural and 
unnatural forms. 

Until recently the view has been held that tissue proteins yield 
only the | forms (Wohl-Freudenberg nomenclature) of amino acids 
on hydrolysis, and, under the circumstances, only these natural 
forms were thought of as being available for any reactions that 
amino acids might undergo in the animal body. This view was 
fortified by a large body of evidence which has been reviewed by 
Berg and Potgieter (1). They state, “It is obvious, therefore, 
that the unnatural component of a racemic modification of an 
amino acid is less readily attacked in the body than is the natu- 
rally occurring isomer.’’ These authors raised the question 
whether this difference in utilization is an absolute one or not. 
“Whether this difference in susceptibility to attack is sufficient to 
render effective utilization of an optical isomer impossible when 
only small amounts of its antipode are required (as, for example, 
in growth) may well be questioned.” 

Evidence has been accumulating to indicate that the animal 


* This investigation was aided by a grant from the David Trautman 
Schwartz Research Fund. 
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body can utilize at least some of the unnatural isomers of the 
amino acids. In 1937 Conrad and Berg (2) demonstrated the 
transformation of the unnatural d-histidine into /-histidine in the 
growing rat. These studies were extended to tryptophane and 
lysine by Totter and Berg (3), showing that, like d-histidine, 
d-tryptophane can be utilized, whereas d-lysine is non-utilizable. 

K6égl and Erxleben (4) claim to have demonstrated that the 
unnatural (d) form of glutamic acid can be isolated from cancer 
tissue, but not from normal tissue. In the controversy raised by 
this claim, evidence has been offered (5) to indicate that the un- 
natural form of glutamic acid is present in various normal proteins, 
thus requiring a reexamination of the view generally held that 
proteins contain only the natural (l) optical antipode of the 
amino acids. 

The work of Braunstein and Kritsman (6) and Braunstein (7) 
on the transamination of d and | forms of the amino acids in normal 
muscle and malignant tissue adds further interest to the question 
of the biological importance of the natural and unnatural antipodes 
of the amino acids. 

It has been established that amino acids are deaminated, with 
ammonia formation, when incubated with fresh kidney slices (8, 9). 
In the present investigation we have attempted to demonstrate 
that this occurs in the living animal. 

The work of Polonovski and Boulanger is related to this problem. 
These investigators (10) studied kidney arterio-venous differences 
in ammonia content, and they concluded that increased differences 
in ammonia content were obtained when glycine, dl-alanine, and 
l-alanine (slight) were given intravenously, whereas the injection 
of urea was without effect upon such differences. They report 
no studies on urine, but conclude that, ““These amino acids appear 
to contribute to the production of ammonia in the urine.” In 
further studies (11) these authors again measured only the blood 
ammonia differences between renal artery and vein. They studied 
the effects of natural and unnatural forms of alanine by injecting 
the dl form and the I-alanine (referred to by them as “d-alanine 
(alanine naturelle)’’), observing that more ammonia appeared in 
the renal vein when the dl form was used than when /-alanine 


was used. 
Our approach to the problem has been to attempt to demon- 
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strate that amino acids do or do not serve as precursors for the 
urinary ammonia formed in the kidney for acid neutralization. 
We have reasoned that if amino acids do serve as precursors for 
the urinary ammonia their intravenous injection should augment 
ammonia formation when the kidney is stimulated to ammonia 
formation by the administration of mineral acid. 


Methods 


Except where specified to the contrary, all experiments were 
performed with unanesthetized dogs that had been trained to 
metabolic procedures. Females were used. They were main- 
tained on a diet of 70 calories per kilo, in which lean beef muscle 
furnished 0.61 gm. of nitrogen per kilo, and the remainder of the 
calories was furnished as sucrose. On this diet dogs maintain a 
constant weight and remain in vigorous condition for considerable 
periods. 

In a preliminary operation the vagina is split to facilitate 
catheterization. To insure accurate collection of urine in the 
75 minute periods, the bladder was always washed out with meas- 
ured portions of sterile water, which was completely recovered in 
all cases, and such washings were continued and added to the 
urine sample until the washings contained no urinary pigment. 
Analyses were made at once in duplicate. 

Dogs were always fed at 5 p.m. and experiments started at 
9 a.m., so that in each case the experiment started 16 hours after 
the feeding of a constant standard diet, thus standardizing the 
time of the experiment in the last 8 hours before a subsequent 
feeding. In all cases the food was eaten immediately and 
completely. 

Ammonia was determined by aeration of a 5 cc. sample into 
0.1 Nn acid, followed by titration with base. Caprylic alcohol was 
used as an antifoam, and Folin’s alkali mixture of 15 per cent 
potassium carbonate and 15 per cent potassium oxalate was used, 
at least 1 ec. of excess being allowed after the urine had been ren- 
dered alkaline. Control experiments showed that recovery was 
complete in 30 minutes; the aeration periods were 45 minutes. 

Amino acids were determined by Danielson’s (12) modification 
of the Folin (13) method. 

Urea was estimated by the urease method given in Peters and 
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Van Slyke (14) with the following modifications: The urease 
preparation used was 50 mg. of urease, Squibb, powdered. Urea 
nitrogen was calculated by subtracting the blank on the reagents 
as well as the preformed ammonia determined separately by aera- 
tion as described above. 

The amino acids used were obtained from Hoffmann-La Roche, 
Inc. Their purity and identity were established by determination 
of total nitrogen, amino nitrogen, and rotation in HC! solution. 

We have compared the ammonia formation after acid adminis- 
tration in a preliminary period in which there was acid administra- 
tion only with the ammonia formation after acid administration 
plus the intravenous injection of amino acids which could serve 
as additional precursors of urinary ammonia at a time when the 
kidneys are called upon to produce additional ammonia, and with 
an after period when again, as in the preliminary period, there was 
acid administration only. 150 cc. of 0.14 n HCl were given by 
stomach tube in each case. 

The experiments were carried out in the following way: 16 hours 
after the last feeding the bladder was emptied and washed with 
sterile water. 100 cc. of water were given by stomach tube to 
insure adequate urine volumes. Two preliminary, 75 minute 
urine samples were collected. 150 cc. of 0.14 n HCl were given by 
stomach tube, and the urine collected for three more 75 minute 
periods. When amino acids were given in addition to mineral 
acid, the injections into the jugular vein were accomplished as 
follows: 2 gm. of the amino acid were dissolved in water to a volume 
of 100 cc. This solution at body temperature was injected in 
five portions of 20 cc. each at about equal intervals during the 
ist hour after the mineral acid had been given by stomach tube. 
No anesthesia was used, and all urines were direct catheter speci- 
mens, although the dogs were kept in metabolism cages between 
catheterizations to guard against the possibility of spontaneous 
urinations. By washing out the bladder at the end of each cathe- 
terization, we were convinced that complete emptying was 
achieved, and, after some experience had been acquired, it was 
possible to obtain emptyings at the exact intervals within a 
few seconds. 

Table I is compiled from the data on three dogs and shows that 
comparable values for the preliminary and after periods of acid 
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administration alone are obtainable, whereas the administration 
of amino acid at the time of imposing this acid load causes an 
output of urinary ammonia that is 2 to 4 times the amount 
eliminated after acid alone. 

Table II presents results of controls on acid administration, 
showing that there is always an increase in urinary ammonia 
following acid administration, and that the amount of such eztra 


TABLE | 

Rate of Ammonia Elimination in Urine in Response to Acid Administration 
and Injection of Amino Acids 

150 ec. of 0.14 n HCl were administered by stomach tube. The amino 

acids were injected into the jugular vein. 














Des | Date Period* Extrat ammonia N excreted 
1939 mg. per hr. 
1 Feb. 14 | ‘Preliminary | 6.2 
‘“* 22 | Experimental | 15.2 (1.8 gm. dl-leucine) 
Mar. 9 | After 6.4 
2 | “ 13 | Preliminary 4.2 
“ 15 | Experimental | 19.8 (2.0 gm. d-alaninef) 
| Apr. 10 | After | 4.0 
3 | Mar. 6 | Preliminary 7.9 
“cc 13 “cc | 6.4 
“ 16 | Experimental 14.8 (2.0 gm. d-alaninef) 
“21 | After 7.5 
“ce 30 ai 7.9 





* Preliminary period, acid administration only; experimental, acid ad- 
ministration and injection of amino acid; after period, acid administra- 


tion only. 
t The difference between fore and after periods on a single day’s ex- 


periment. 
t Unnatural isomer. 


ammonia nitrogen elimination is well below the eztra amount 
eliminated when amino acids are given. 

When urea is injected in addition to acid administration (with 
more than double the amount of nitrogen used in the amino acid 
experiments), there is no more ammonia eliminated than when acid 
is administered alone. Also, the injection of amino acid alone 
(in the largest amount used in any experiment) causes no such 
ammonia elimination as was obtained when acid was given, 
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although the small augmentation of ammonia elimination is in 
harmony with the view that amino acids are the precursors of 
urinary ammonia. 

From the data in Table III it is seen that the injection of both 
optical enantiomorphs of alanine and leucine causes the elimination 


TABLE II 


Excretion of Urinary Ammonia Nitrogen before and after HCl by Stomach 
Tube; Controls on Acid Administration Alone 


Each reading represents the average of two or more 75 minute periods. 


























DogNo. | Preliminary _—| After HCI by stomach | Net increase 
| 
| mg. per hr. mg. per hr. | mg. per hr. 
1 | 8.6 14.7 | 6.1 
4 | 4.1 10.9 6.8 
2 | 7.0 16.7 9.7 
3 7.9 16.2 8.3 
2 8.1 18.4 | 10.3 
1 | 16.8 23.0 | 6.2 
2 | 7.5 12.0 4.5 
3 7.9 14.4 6.5 
3 11.7 20.0 8.3 
3 | 10.6 18.0 7.4 
4 7.6 14.1 6.5 
5 | 8.8 17.3 8.5 
6 6.5 | 9.8 3.3 
6 | 15.0 19.6 4.6 
7 » 12.1 15.9 3.8 
7 12.3 19.1 | 6.8 
6 10.0 | 16.2 6.2 
oe eS 9.6 | 16.3 | 6.7 
Control, urea injection (1.5 gm.) + acid administration 
2 | 10.8 17.7 6.9 





Control, 6.0 gm. dl-alanine injected without acid administration 








5 | 13.1 19.0 | 5.9 





of more extra ammonia following the administration of hydro- 
chlorie acid than was eliminated when hydrochloric acid was 
given alone. Also, in all cases there is somewhat more ammonia 
elimination following the injection of the unnatural isomer than 


with the natural one. 
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Excretion of Urinary Ammonia Nitrogen before and after HCl by Stomach 
Tube and Amino Acid Intravenously 


Each figure represents the average of two or more 75 minute periods. 





Prelimi- 


Amino acid nary 


dl-Alanine 


SBOP) 
oe 


l-Alanine 


8.7 
(7.5) 
6.3 
12.8 
13.3 
7.8 
| (10.1) 


d-Alanine 





After 
HCi and 
amino 
acid 





“40 | 
23.7 | 
23.5 | 
(23.6) | 
15.6 

al 


eo 4 
(19.6) 
25.2 
28.0 
30.6 | 
19.7 | 
(25.9) | 


Net | 
in- | Amino acid 
= 
mg. | 
per hr. 
| dl-Leucine 
15.1 | 
l-Leucine 


| 
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12.1 | d-Leucine | 
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15.8 | 


After 
Prelimi- | HCl and | Net 








nary | amino | crease 
| | 
“ee | “EP | gor ke. 
| 9.8 | 24.8 
| 2.7 | 10.5 
| (6.3) | (17.7) | 11.4 
' 9<.9 | 21.9 

20.4 | 29.9 
(15.2) | (25.9) | 10.7 

9.3 | 25.2 

10.4 | 21.0 

(9.9) | (23.1) | 13.2 
| 











The figures in parentheses represent the averages for the groups. 


TaBLeE IV 


Excretion of Ammonia, Amino Acid, and Urea Nitrogen 
The amounts shown represent the extra elimination following the admin- 


istration of 


HCl (by stomach tube) and amino acid (intravenously). 











Natural forms 


l-Leucine (2.0 gm. con- | 
taining 213.8 mg. N) 

l-Alanine (2.0 gm. con- | 
taining 314.6 mg. N) | 


Unnatural forms 
d-Leucine (2.0 gm.) 


d-Alanine (2.0 gm.) 


| 6 
pag 
| 6 
s 








Amino acid N 
Dog No. | Ammonia | ; Urea N 
| Total 
excreted 
| mg. per hr. mg. per hr. | mg. mg. per hr. 
| 12.0 | 0.68 | 2.6 | 
| 9.5 | —0.46 | 0.0 | —46 
9.2 | 0.0 | 0.2 | —19 
| 17.6:! 0.44 | 1.65 76 
| 15.9 0.66 1.46 | 16 
10.6 | 0.22| 0.88 | -6 
| 15.2 | 27.8 | 104.2 | -—77 
| 7.9 | 19.0 | 71.3 | 16 





The data in Table IV deal with the extra elimination of amino 
acid nitrogen and urea nitrogen, as well as the ammonia nitrogen 


elimination. 
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It has been observed frequently that after the injection of the 
unnatural isomer of an amino acid there is a considerable excretion 
of that form in the urine. The results with the unnatural form of 
alanine bear this out. As much as one-third of the injected nitro- 
gen was eliminated. This was not the case with the natural isomer 
of alanine, and both forms of leucine were retained after injection, 
with only negligible loss in the urine. 

The excretion of urea showed no significant changes. Such are 
not to be expected in short experiments, nor could conclusions be 
safely drawn about the excretion of urea when there were periods 
of marked diuresis due to the fluid administered. 

Several experiments were carried out in which the HC! and the 
amino acid were in solution together and injected intravenously. 
The results in these experiments were similar in the amount of 
ammonia eliminated and the time relations in excretion to those 
reported with HCl administered by stomach tube. 


DISCUSSION 


The administration of hydrochloric acid by stomach tube to 
dogs is a stimulus to the formation and elimination of ammonia 
excreted in the urine as a part of the acid-neutralizing equipment 
of the body. 

In control experiments the administration of acid alone resulted 
in regular increases in the ammonia elimination in those periods 
in which the urine volume gave evidence of the absorption of the 
acid administered. These conclusions are further strengthened 
by the experiments in which the same strength and amounts of 
hydrochloric acid were injected intravenously. 

If the amino acids coming to the kidney in arterial blood serve 
as the precursors for the formation of ammonia for acid neutraliza- 
tion, the simultaneous administration of mineral acid to increase 
the stimulus to ammonia formation and the injection of additional 
amino acids should cause more ammonia formation and excretion 
than the injection of either one of them alone. This has been 
found to be the case. The injection of amino acids without any 
mineral acid to increase the acid load showed only a slight increase 
in ammonia output, and the administration of acid alone was 
accompanied by the excretion of an amount of ammonia that was 
considerably less than was found when both were given at the 
same time. 
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SUMMARY 


1. Experiments with dogs indicate that there is an increased 


elimination of urinary ammonia following the intravenous injec- 
tion of alanine and leucine. 


2. Both optical enantiomorphs serve as precursors. 
3. There is more urinary ammonia elimination following the 


injection of the unnatural (d) forms of these amino acids than 
with the natural forms. 
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STUDIES ON THE PRODUCTION OF TAUROCHOLIC 
ACID IN THE DOG 


V. METHIONINE SULFOXIDE* 


By ROBERT W. VIRTUE anp MILDRED E. DOSTER-VIRTUE 
(From the Department of Chemistry, University of Denver, Denver) 


(Received for publication, July 29, 1940) 


Since administration of methionine to bile fistula dogs had been 
followed by an increased output of taurocholic acid (1), it became 
of interest when methionine sulfoxide was prepared (2) to see 
whether or not this oxidized derivative might give rise to extra 
taurine. If the sulfoxide could be changed to taurine, then one 
might assume that oxidation could be an early step in the formation 
of taurine from methionine. 


EXPERIMENTAL 


Cholie acid is usually considered to be the limiting factor in 
the formation of taurocholic acid (3). However, when an excess 
of cholic acid over taurine is present in the liver of dogs, taurine 
becomes the limiting factor. In the experiments herein described 
we depleted the livers of female bile fistula dogs of their taurine 
by fasting and by feeding 6.7 milliequivalents of cholic acid daily. 
The cholic acid was given so that it might unite with any taurine 
in the liver and be excreted as taurocholic acid in the bile. On 
the 3rd day of this régime, 6.7 milliequivalents of methionine 
sulfoxide were dissolved in water and given with the cholic acid. 
Some administrations were made subcutaneously and some intra- 
venously. If methionine sulfoxide could be changed to taurine, 
then an increased output of taurocholic acid should be observed 
after this procedure. The bile was collected at 24 hour intervals, 


* A preliminary report of these studies was presented before the Thirty- 
fourth meeting of the American Society of Biological Chemists at New 
Orleans, March 13, 1940. 

227 








228 Production of Taurocholic Acid. VY 


TaBie I 
Urinary Sulfur Partitions and Taurocholic Acid Production Following 
Administration of Methionine Sulfoxide to Fasting Bile Fistula Dogs 
Each animal was fed 2.8 gm. (0.213 gm. of S) of methionine sulfoxide = 
6.7 milliequivalents of cholic acid daily. 
| 






































| Dos Day Weight | Total N | Total 8 Sule i = - = _— 
kg. gm. mg. | mg. mg. | mg. mg. 
54 1 14.1 | 11.77 674 | 431 243 | 10 | 3325 
2 8.67 501 | 344 | 157 | 10 2520 
3 | 6.90 460 | 298 162 | 9 2677 
4 6.31 500 | 325 | 175 9 2656* 
5 11.4 6.74 431 299 | 132 8 | 2357 
57 1 7.25 452 | 338 | 114 7 | 2791 
2 5.72 382 271 lll 5 2666 
3 6.43 490 324 166 3 2852t 
4 17.0 5.98 366 255 lll 3 2719 
59 1 14.5 4.67 240 135 105 6 2512 
2 3.91 222 120 102 9 1316 
3 4.18 346 167 179 6 | 2146t 
4 13.9 3.76 242 139 103 6 | 1274 
60 1 10.5 6.34 369 244 125 8 | 3429 
2 5.76 311 202 109 6 2154 
3 5.62 | 446 | 253 | 193 | 6 | 2507" 
4 9.1 4.09 234 145 89 4 1244 
61 1 | 123] 7.31 | 219 | 118 | 101 6 | 892 
2 3.98 209 | 115 94 | 3 | 6510 
3 | 2.52 | 272 | 109 | 163 2 | 5870f 
4 | 10.9] 2.80 | 197 | 106 | 91 | 3 | 824 
61 1 12.3 6.66 326 184 | 142 4 | 955 
2 4.36 252 | 144 | 108 4 | 653 
3 3.86 | 379 | 182 | 197 | 2 | 1178 
4 11.0 | 3.40 238 131 | 107 | 3 747 
62 1 11.4 5.95 394 | 277 =| «(117 7 3328 
2 4.93 279 | 179 | 100 6 1617 
3 5.16 449 | 280 —=—s«és169 5 2103* 
4 10.5 4.64 286 | 188 98 3 1371 
6.7 milliequivalents of methionine sulfoxide (1.1 gm.) were dissolved in 
water and injected (*) subcutaneously, (ft) intravenously, and ({) intra- 
venously 2 hours after cholic acid was fed. 
just before the cholic acid was given. The urines were collected 
by catheterization. 
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The methionine sulfoxide was prepared according to Toennies 
and Kolb (2). 
CsH1:NO;S. Calculated, S 19.33; found, S 19.10 


The cholic acid was purchased from Riedel-de Haen. The analyti- 
cal methods used have been described previously (1). 


Results 


The first subcutaneous administration of methionine sulfoxide 
(Dog 54, Table I) was rather unsuccessful, for only 40 mg. of 
sulfur were recovered after 213 mg. had been given. Little 
effect was seen on the sulfur content of either urine or bile. The 
next administration (Dog 57) was made intravenously. More 
than half the sulfur was recovered, most of which appeared in 
the urine. About half the urinary sulfur had been oxidized to 
sulfate. A slight rise in taurocholic acid production was ob- 
served, but it was not large enough to be significant. Somewhat 
similar results were obtained when methionine sulfoxide was 
injected intravenously into Dog 61 the first time. A slightly 
higher output of taurocholic acid was observed which was not 
large enough to permit drawing any conclusions. All of the re- 
covered urinary sulfur appeared in the organic fraction. 

Four more experiments were performed with methionine sulf- 
oxide, all of which produced consistent and definite results indi- 
cating three things: first, that administration of methionine sulf- 
oxide may be followed by an increased output of taurocholie acid; 
second, that the dog has difficulty in oxidizing completely the 
sulfur of methionine sulfoxide, as shown by the relatively large 
proportion of urinary sulfur in the organic fraction; and third, 
that no disulfide sulfur appears in the urine as a result of metab- 
olism of the sulfoxide. Administration was made intravenously 
to Dogs 59 and 61 (second experiment), and subcutaneously to 
Dogs 60 and 62. The second time methionine sulfoxide was given 
to Dog 61 it was not injected simultaneously with the feeding of 
cholic acid, but was given 2 hours later. This was done to be 


1A portion of the methionine sulfoxide used in these experiments was 
kindly supplied by Dr. Toennies. The authors wish to express their 
sincere appreciation for this material. 
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sure the cholic acid and the sulfoxide might be in the body at the 
same time, so that conjugation would be enhanced if such a reac- 
tion were possible. No delay in subcutaneous administration was 
considered necessary, for absorption of cholic acid from the ali- 
mentary tract should proceed simultaneously with absorption 
of the subcutaneously administered material. 


DISCUSSION 


The results obtained on comparison of the oxidation of methi- 
onine (1) and of methionine sulfoxide by the dog are analogous to 
those observed on comparison of the oxidation of cystine with that 
of its partially oxidized derivatives (4); namely, that the more 
highly the sulfur is oxidized in the compound administered the 
more difficult becomes the oxidation of that substance to sulfate. 
The oxidized derivatives of both cystine (4) and methionine give 
rise to extra excretion of taurocholic acid, which requires oxidation 
of the sulfur to the sulfonic acid. Since methionine and its sulfox- 
ide may cause production of taurocholic acid, the sulfoxide may 
be an intermediate in the change of methionine to taurine. This 
oxidation would necessitate a different path than that proposed 
(5) for the oxidation of methionine to sulfate, in which demethyla- 
tion of methionine was a preliminary step in its metabolism. 

No proof is yet available that methionine is actually changed to 
taurine. It may be that methionine stimulates the formation of 
taurine in some manner, as by replacement of cystine, which may 
be changed to taurine. 

SUMMARY 


Bile fistula dogs were depleted of their taurine by fasting and 
by giving cholic acid daily. When methionine sulfoxide was 
administered with the cholic acid, an increased output of tauro- 
cholic acid was observed. 

A large portion of the extra urinary sulfur from the methionine 
sulfoxide appeared in the organic fraction, which indicates that 
the oxidation of methionine sulfoxide to sulfate is somewhat 
more difficult than the oxidation of methionine to sulfate. 


The authors wish to thank Dr. R. W. Whitehead of the Uni- 
versity of Colorado School of Medicine for his cooperation in 
making available facilities for carrying out these experiments. 
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THE URINARY PYRUVATE IN THIAMINE DEFICIENCY* 
By HAROLD A. HARPER ann HARRY J. DEUEL, Jr. 


(From the Department of Biochemistry, University of Southern California 
School of Medicine, Los Angeles) 


(Received for publication, July 30, 1940) 


An increase in the so called bisulfite-binding substances in the 
blood of beriberi patients and experimental animals deficient in 
thiamine has been noted by many workers. One might expect a 
similar increase in the urine. This has been reported in thiamine- 
deficient rats by Banerji and Harris (1) and confirmed by Shils, 
Day, and McCollum who have further studied the factors in- 
fluencing it (2). 

Admittedly, a determination of the total bisulfite-binding 
substances lacks in specificity what it gains in simplicity. Since 
pyruvic acid is presumed to be the intermediate chiefly responsible 
for the increase, it would seem to be an improvement to determine 
this substance directly. This is especially true of determinations 
made on urine, since many normal urinary constituents will bind 
bisulfite. An important example is allantoin which occurs in 
rat urine in significant quantities and varies with a multiplicity 
of physiological changes, particularly those attendant upon the 
metabolism of thiamine-deficient animals. 

This paper reports the results of studies of the pyruvate ex- 
cretion in thiamine deficiency and some of the factors which 
influence it. 


EXPERIMENTAL 


Rats from our stock colony, 120 to 160 gm. in weight, were used 
for these experiments. The animals were fed a thiamine-free 
diet having the following pér cent composition: casein (alcohol- 


* The material contained in this paper is part of a thesis to be submitted 
by Harold A. Harper in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy in Biochemistry in the Graduate School of the 
University of Southern California. 
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extracted) 18.0, corn-starch 56.0, butter (washed) 5.0, autoclaved 
yeast (Harris) 15.0, cod liver oil 2.0, salt mixture (Osborne- 
Mendel (3)) 4.0. In addition, after the 6th week or when food 
consumption diminished, each animal was fed twice weekly 0.1 
ec. of a mixture containing 30 y of pyridoxine, 30 y of riboflavin, 
and 10 y of thiamine. 

For the investigation of the urinary pyruvate, groups of ten 
animals were studied at weekly intervals. These were placed in 
individual metabolism cages with facilities for collection of the 
urine. A measured quantity of the depletion diet was allowed 
with water ad libitum. At the end of 24 hours the food was re- 
moved and the consumption recorded. Urine collections were 
made by dilution to 20 cc., representing a 24 hour sample. The 
animals were then fasted for 24 hours and the urine collections 
made as before. 

The urinary pyruvate was determined by a modification of the 
specific hydrazine procedure of Lu (4). To a 15 ce. cone point 
centrifuge tube there were added 1.5 ec. of 10 per cent trichloro- 
acetic acid. A 0.5 cc. sample of urine was added and the contents 
mixed by rotation. 1 ec. of a 0.1 per cent solution of 2,4-dinitro- 
phenylhydrazine in 2 N HCl was then added and mixed. Ex- 
traction of the hydrazones and unchanged hydrazine with ethy| 
acetate was carried out as in the original method, the ethyl acetate 
extracts being transferred to a second centrifuge tube. Rapid 
separation of the etliyl acetate layer was accomplished by centrif- 
ugation. The pyruvic hydrazone was extracted as in the original 
method with three successive 2 cc. portions of 10 per cent sodium 
carbonate. The combined carbonate extracts (6 cc.) were then 
poured into a graduated colorimeter tube and 2 N sodium hydrox- 
ide was added to bring the volume to 10 cc. The contents were 
then mixed by inversion and readings made after 10 minutes in a 
Klett-Summerson photoelectric colorimeter (5) with a No. 54 
filter. The colorimeter was previously calibrated for pyruvic 
acid by the use of a lithium pyruvate standard prepared according 
to Wendel (6). ° 

As an index of adequate excretion as well as of the validity of 
the urine dilutions, simultaneous determinations of 24 hour 


! These supplements were crystalline products obtained from Merck and 
Company, Inc. 
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creatinine excretions were made. Pyruvate values were con- 
sidered valid only when accompanied by a normal urinary output 
as determined by this method. In the determination of creatinine, 
a modification of the micromethod of Shaffer (7) was employed; 
a Klett-Summerson photoelectric colorimeter with the No. 54 
filter was used. 


Results 


The average pyruvate excretion of the male and female rats 
subsisting on the thiamine-deficient diet is recorded in Table I. 
From these data it will be noted that a definite increase in pyru- 
vate has occurred: for the male animals, from a mean of 1.84 + 
0.05 mg. per day at the 6th day of depletion to 3.57 + 0.34 mg. 
per day at the 43rd day; for females, an increase from 1.50 + 0.11 
mg. per day at the 3rd day to 2.90 + 0.21 mg. per day at the 45th 
day. The values for the quotient of the mean differences to the 
probable error of the mean differences exceed 3.00, indicating 
statistical validity. 

In order to evoke this excretion it is necessary that the animal 
be well nourished. As the lowered values for the fasting period 
indicate, the state of alimentation of the animal markedly affects 
the pyruvate output. This fact was also reported for the urinary 
bisulfite-binding substances by Shils, Day, and McCollum (2). 
Presumably the level of liver and muscle glycogen is an important 
factor. The relation to food intake is not, however, strictly 
quantitative, for although a markedly diminished intake (less 
than 5 gm. in 24 hours) will lower the expected output, a normal 
intake (10 gm. or more) does not produce a proportionate increase. 
For the fasting period the increased excretion is in the same 
direction as that observed for the collection period during which 
food was allowed. 

According to the needs of the animal thiamine feeding even in 
small dosages produced a temporary lowering of the output of 
pyruvate. This was observed for the males between the 29th 
and 36th days and similarly in the females between the 32nd and 
39th days. Suspension of the supplement was reflected by a re- 
turn to elevated levels. 

As recommended by Banerji and Harris (1) for evaluation of 
the urinary bisulfite-binding substances as a reflection of the 
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thiamine status of the animal, elevated values should respond 
to dosage with thiamine. As the results summarized in Table II 
indicate, this has been observed with urinary pyruvate. 


TaBLe I 
Excretion of Pyruvate by Rats during Prolonged Thiamine Deficiency 





| 
| 


| 


Urinary pyruvic acid* 






































Days on | Average t body | | Average food | - nd ae aan 
diet weight | on test day Food ad libitum for During first 24 hr. 
hrs. fast 
Male rats 
| gm. | gm. mg. mg. 

6-7 | 141.7 15.2 1.84 + 0.05 0.70 + 0.05 
15-16 136.7 14.8 2.26 + 0.08 0.95 + 0.09 
a > 135.6 12.5 2.68 + 0.14 1.13 + 0.08 

| 133.9 13.2 3.20 + 0.27 1.45 + 0.07 
oa | 129.7 11.0 2.76 + 0.26 1.02 + 0.06 
ae 133.2 7.7 3.57 + 0.34 1.24 + 0.08 
M.D. sana. (67 and 9-44 days) | §.00 5.75 
Female rete 

3-4 132.8 “12. 9 1. 50 + LO. 11 0.54 + 0.04 
10-11 130.3 16.2 1.92 + 0.10 0.84 + 0.04 
17-18 128.5 15.2 3.90 + 0.42 1.08 + 0.06 
24-23 124.8 13.5 2.44 + 0.16 0.93 + 0.08 
31-32 | 129.5 9.7 2.52 + 0.18 1.16 + 0.04 
38-39t | 130.2 . 7.7 2.22 + 0.15 0.74 + 0.05 
45-46} | 1%. 2 7.5 = 90 : + E 0. 21 0.97 + 0.06 

Bede Rt aed SORE a ale ie 
M.D.:8.E.M.D. (3-4 mil 45-46 days) 5.94 | 5.95 





Each value is the average of ten experimental animals. 
*Including the standard error of the mean calculated as follows: 


V ( &/n)/Vn. 

+t Thiamine feeding during the previous 7 day period. 

t No thiamine feeding during the previous 7 day period. 

§ Ratio of the mean difference to the standard error of the mean differ- 
ence. When this value exceeds 3.00, the results are considered significant. 


In these experiments a group of male and female animals was 
depleted for long periods during which elevated pyruvate levels 
were maintained. Small dosages of thiamine (20 to 30 y per week) 
did not produce extensive diminution in these levels. From the 
78th day of depletion to the 98th day, 600 y per week were fed to 
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each animal. This produced a significant drop in the pyruvate 
output: in the males, from 5.34 + 0.85 on the 70th day to 2.57 + 
0.26 on the 98th day, and in the females, from 3.46 + 0.25 to 
2.55 + 0.14 for the corresponding period. 

A consistent sex difference in the pyruvate excretion appears 
to prevail in the twenty series of the experiments summarized in 
Tables I and II in all cases except two (females, 17 to 18 days, 
Table I), which we consider an aberrant result. This variation 
appears both during alimentation and following fasting. 


TaBLe II 
Response of Pyruvate Excretion to Thiamine Feeding 





























Thee Urinary pyruvic acid* 
| tered dur- Av 
= Sex —— ing wk. inion 
| pero | andar | Reseigunmy | Pena 
| collection 
gm. Y gm. mg. mg. 
63-64| F. | 123.0 mt 15.6 | 4.004 0.21 | 1.07 + 0.16 
| M. | 125.6 16.8 | 5.15+0.79 | 1.25 + 0.24 
70-71 | F. | 124.2 - 11.6 | 3.4640.25 | 1.20040. 
M. | 128.4 12.0 | 5.344 0.85 | 1.50 + 0.02 
7-78 | F. | 133.2 39 «| «CA | 2.88 + 0.12 | 1.00 + 0.01 
| M. | 132.2 | 8.6 | 3.95 + 0.61 | 1.15 + 0.01 
98-99 | F. | 140.7 | goo | 15.0 | 2.55+0.14 | 0.88 + 0.10 
M. | 138.4 | 14.0 | 2.57 + 0.26 | 1.00 + 0.11 
| F. | M.D.:8.E.M.D. (70-99 days) | 3.18 1.86 
| M. 3.13 4.47 











Each value i is s the average of five experimental animals. 
* Including the standard error of the mean. 


DISCUSSION 


These results indicate that in animals on a thiamine-deficient 
diet some estimate of the nutritional status with respect to 
thiamine is reflected by the level of urinary pyruvate. The 
relation to the state of alimentation is not surprising and it is of 
interest to note that the sex differences observed coincide well with 
those reported for liver glycogen by Deuel et al. (8-10). 

Thiamine supplements adequate for minimal growth are not 
sufficient to abolish completely the heightened pyruvate output. 
In fact, one obtains more constantly elevated values when animals 
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are maintained in this subacute avitaminotic state rather than in 
an acute, and often moribund, condition. 

As depletion proceeds, elevated levels of pyruvate are noted 
even during the 24 hour fasting period. This might be due to the 
fact that a previously higher level requires a longer period for 
excretion or that there is a retention of the precursors of pyruvate, 
causing a retarded and hence prolonged formation of this metab- 
olite. The former suggestion is not enhanced by the results of 
our own unpublished observations on the excretion of pyruvate, 
both in normal and deficient rats. These results indicate a 
rather rapid excretion of excess pyruvic acid. Thus, when sodium 
pyruvate was administered by stomach tube in a dose of 118 mg. 
per 100 sq. em. of body surface, as much as 50 per cent of that 
administered was excreted during the first 24 hours. This dosage 
proved toxic in several cases. Not until the dose was lowered to 
a level of 5 mg. per 100 sq. cm. did no augmentation of the expected 
pyruvate output occur. 


SUMMARY 


1. The excretion of pyruvate in the urine of rats increases as 
the depletion of the thiamine reserve proceeds. It is reduced by 
optimal thiamine administration. 

2. The level of excretion of pyruvate is related to the state of 
alimentation of the animal during the period of the urine collection. 

3. Urinary pyruvate appears to be higher in males than in 
females studied under identical conditions with respect to depletion 
of thiamine. 
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The adsorption of phenol red by serum proteins is of great in- 
terest to investigators studying the mechanism of secretion by the 
mammalian kidney and also to those employing this dye for the 
estimation of blood pH. This phenomenon was demonstrated 
first by de Haan (1) and then by Marshall and Vickers (2) who 
measured the amount of dye which was filtrable through collodion 
membranes impermeable to protein. Later the binding of dye by 
protein was studied in this manner by Grollman (3), Shannon (4), 
Goldring, Clarke, and Smith (5), and Smith and Smith (6). In 
most of these studies ultrafiltration was carried out at 37° under 
a CO, tension of 40 mm. 

In the determination of serum pH Cullen (7) diluted the serum 
21-fold with saline containing phenol red. He assumed that the 
protein effect on the dye was negligible at this dilution or was 
reduced to a constant factor which is included in the C correction 
used in the method. (C is the factor subtracted from colorimetric 
readings on the diluted sample at 20° to give the pH of the un- 
diluted serum at 38°.) Robinson, Price, and Cullen (8) compared 
the values obtained for dog serum by the colorimetric pH method 
with those obtained by the electrometric pH method and showed 
that the C correction is influenced by the amount of protein in the 
serum. It was observed at the time of this study that some sera 
produced marked changes in the color tones, and that the concen- 
tration of the dye appeared to be greatly reduced. Rabbit serum 
always gives a color tone which is distinctly more purple than the 
purplish red color of the phosphate buffer standards. Marshall 

239 














240 Serum Proteins 


and Vickers (2) record a marked species difference in the amount of 
dye adsorbed, the blood serum of rabbits binding much more than 
that of dogs. It occurred to us that this adsorption of dye by the 
serum proteins might be utilized as a means of characterizing these 
proteins, and might also aid in the detection of changes in the 
protein during pathological conditions. 

This report presents a study of the influence of human, rabbit, or 
dog serum on the absorption curve of phenol red in phosphate 
buffer solutions. The variation in these curves shows the existence 
of a distinct species difference and will help to account partially at 
least for the fact that the C corrections of the Cullen method are 
not similar for all species. Total serum protein and serum albumin 
determinations were made on most of the samples of sera used in 
the study. These values were correlated with the density values 
of the color solutions in order to determine the existence of any 
relationship between the two. 

Grollman (3) observed that at the pH of normal blood practically 
all of the adsorption was due to the albumin fraction. Our results 
to be presented confirm this finding. Grollman also emphasized 
the importance of pH control. Therefore, in a study of the protein 
effect on phenol red, it would be ideal if the serum could be added 
to a color solution in quantities sufficient to show a measurable 
color change without altering the pH of the color solution. Also 
this solution should have approximately the ionic strength of the 
serum in order that ho appreciable change in the activity coefficient 
of the dye will occur. These conditions have been approached 
in the mixtures which we have studied. 


EXPERIMENTAL 


When | cc. of blood serum was added to 20 ce. of M/15 phosphate 
buffer-dye mixture (NasHPO,-KH,PO,), the pH as determined by 
the electrometric method was in most cases within 0.01 unit of 
that of the dye-phosphate mixture to which 1 cc. of water had been 
added. However, visual observation and a comparison of the 
absorption curves of the two solutions indicated that the equilib- 
rium of the dye had been disturbed. Since the ionic strength 
and pH of the solution remained practically constant, this altera- 
tion is due to a constituent of the serum which is shown to be 
protein. In this communication spectrophotometric absorption 
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curves obtained by the introduction of blood serum into phenol 
red-phosphate buffer solutions are compared with the curves re- 
sulting when no serum is introduced. All of the work was carried 
out in a temperature-controlled room at 25° + 1°. 

Phosphate Buffer Solutions—m/7.5 disodium hydrogen phos- 
phate solution, 18.94 gm. of anhydrous salt, NazHPQO,, per liter, 
and M/7.5 potassium dihydrogen phosphate solution, 18.16 gm. 
of salt, KH.PO,, per liter, were used. Merck’s Blue Label Sérensen 
salts were used without further purification. The solutions were 
stored in a refrigerator without preservative and were discarded 
for new ones as soon as any mold growth appeared. From these 
stock solutions a M/7.5 buffer mixture was made by measuring the 
proper amounts of each and mixing thoroughly. 

Preparation of Phenol Red Solutions—A 0.04 per cent aqueous 
solution of phenol red (Hynson, Westcott, and Dunning) was 
was prepared according to the directions given by Clark (9). It 
was stored in a refrigerator when not in use. From this stock a 
0.0016 per cent solution was made up weekly by diluting 8 ce. to 
exactly 200 cc. with CO,-free distilled water. 

It was important that the phenol red used in this study should 
be of the highest purity. In m/15 phosphate buffer solutions the 
dye gave a maximum absorption at 560 mu when the scale of our 
spectrophotometer had been carefully set at 589 my with the 
sodium lines. The absorption curve of our dye was identical with 
that for a sample of a specially prepared dye which had been 
kindly sent to us by Dr. Julius Sendroy, Jr. The latter sample 
was from the stock which he and Dr. Hastings had used in their 
studies on the apparent activity coefficients of acid-base indi- 
cators (10). 

It was desirable to determine the pK’ value of our dye as it 
would also give an index of its purity and would help to evaluate 
our optical and pH measurements in relation to the work of other 
investigators. Optical density values at 560 my (Dseo) of a number 
of phenol red-phosphate buffer mixtures varying in pH from 7.27 
to 8.07 were compared with the density of a phenol red-sodium 
hydroxide solution in which all of the dye is present in the alkaline 
form (D,, 560). The final concentration of dye in all of the solutions 
was 0.001 per cent. At pH ranges from 7.45 to 8.20 there exists a 
linear relationship between the density and pH values. When 
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the same concentration of dye is placed in 0.001 n HCI the density 
value at 560 mu measured under the same conditions was 0.005, 
which is within the experimental error of our readings. Therefore 
the amount of the density value at this wave-length due to the 
acid form of the indicator is so small that it can be neglected in 
our calculations. The pK’ values were calculated by the formula 





pK’ = pH — log - = 
l-—a 
where a is the ratio of the observed density value Dsgo to the maxi- 
mum density value D,, 50. The pK’ values of the dye at 25° for 
each solution are listed in Table I. The average pK’ value of 
this series is 7.736. Using the same standardization, Hastings 
and Sendroy (11) by colorimetric readings found that the pK’ 
value of phenol red at 38° was 7.65 and at 20° was 7.78. These 
values would indicate a pK’ at 25° of 7.74. They later revised 
their figure at 20° (10) to 7.80 which would mean a value 0.02 pH 
higher. After consideration of the number of variables in the 
determination, it is apparent that our work agrees satisfactorily 
with that of these workers. 

Preparation of Test Color Solutions for Spectrophotometric Read- 
ings and pH Measurements—Since most of the experiments were 
conducted at a constant pH, it was desirable to use a phosphate 
buffer mixture at a reaction which would produce a color value 
close to that observed when blood serum of normal reaction is 
diluted 1:20 in saline. In the case of dog serum this color value is 
given by m/15 phosphate buffer solutions at pH 7.70 to 7.75, but 
for human sera the value is given by solutions about 0.10 pH 
lower. As the pH of a m/15 phosphate buffer mixture containing 
9 parts of Na,gHPO, and 1 part of KH,PO, at 25° has a pH value 
at the pK’ value of the dye, am/7.5 buffer mixture with this ratio 
of alkaline and acid salt was used as a stock solution. 10 cc. of 
this stock were mixed with 10 ce. of 0.0016 per cent phenol red 
solution in a test-tube of convenient size (22 X 150 mm.). 1 ce. 
of blood serum was added to this solution and, after being mixed 
well with a stirring rod, the contents were allowed to stand for 1 
hour. A control tube without dye was prepared at the same time 
by mixing 10 ce. of m/7.5 buffer solution, 10 ce. of distilled water, 
and 1 cc. of serum. 
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Portions of these solutions were placed in identical optical cells 
of 15 mm. depth, the serum-dye-phosphate solution being placed 
in one cell and the serum control in the other cell. These cells 
were made especially for us by the Bausch and Lomb Optical 
Company with the feature that disks with optically plane surfaces 
were held against the glass tubing by screw-caps. This construc- 
tion enabled us to replace the disks if they became scratched during 
handling or fogged by the potassium phosphate solutions. The 
optical density values were obtained with the Bausch and Lomb 


TABLE | 
pK’ (25°) of Phenol Red in Phosphate Buffer Solutions 
Final concentration of dye = 0.001 per cent (0.0282 mm per liter); final 
concentration of PO, = 0.0667 m; density values were observed at wave- 
length 560 my; depth of solution = 15 mm. 





— Pos | 
| 














tation | oot | a jer ate| roe | Merce] om 
A 8.066 1.79 0.682 | 2.14 | 0.331 | 7.735 
B 7.819 1.44 | 0.549 | 1.217 0.085 7.734 
C 7.756 1.345 | 0.512 1.049 0.021 7.735 
D 7.677 1.23 0.469 0.883 | 1.946 7.731 
E 7.565 1.057 0.403 0.675 1.829 7.736 
} 7.460 0.91 | 0.347 0.531 1.725 7.735 
G 7.367 0.78 | 0.297 | 0.422 1.625 7.742 
H | 7.269 0.665 | 0.253 | 0.339 1.530 7.739 
IIIS. 5 5 o. 6i sas becin's ee» able daae eine cee Mele eRe 7.736 








* Dm so = density of phenol red solution (0.001 per cent) in 0.005 n NaOH 
= 2.625. Das = density of phenol red solution (0.001 per cent) in 0.001 
x HC! = 0.005 (approximate). 


universal spectrophotometer, and in every case the density at a 
particular wave-length was an average of the reading made with 
the color solution in one beam of light and of a second reading 
with the color solution in the other beam. The collimator slit of 
the spectrometer was set at 1.0 on the arbitrary scale of the 
instrument and the ocular slit was set at a width corresponding to 
about 3 my. For the curves (515 to 610 my) readings were gener- 
ally made at intervals of 5 to 10 mu, except near the peaks of 
absorption where they were also made at intermediate points. 

The pH of the color solution was determined immediately in a 
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glass electrode vessel of the MacInnes-Belcher type (12) with the 
use of silver-silver chloride and saturated calomel electrodes to 
complete the circuit. A liquid junction was formed with saturated 
potassium chloride, no correction being made for the liquid 
junction potential. A Leeds and Northrup ion potentiometer was 
used in the electrical circuit with amplification of the potenti- 
ometer unbalance by means of a General Electric Pliotron FP-54 
tube. The lamp, scale, and focusing lens of a Leeds and Northrup 
galvanometer (No. 2420C) were removed, and a lamp and scale 
reading device supplied by the same manufacturers was introduced 
which focused the movement of the galvanometer at a distance of 
1 meter. This apparatus had a sensitivity sufficient to detect 
an unbalance of 0.1 millivolt. 

Standardization of the glass electrode was effected each day 
with the use of m/15 phosphate buffer mixtures, 0.05 mM potassium 
acid phthalate solution, or 0.1 N acetic acid buffer mixtures. The 
phosphate and acetic acid mixtures had been standardized first 
with a hydrogen electrode system in which the pH of 0.1 n HC] 
was assumed to be 1.080 at 25°. On this basis the pH value of 
0.05 m potassium acid phthalate was 4.02, which is about 0.02 
unit higher than the value obtained by MacInnes, Belcher, and 
Shedlovsky (13). However, when we assumed their value for the 
acid phthalate buffer, we obtained values for the acetic acid mix- 
tures which duplicated theirs. Since we were not primarily in- 
terested in absolute values, but only in the constancy of our values, 
no adjustment has been made of the pH for these discrepancies. 

The total serum protein and serum albumin determinations 
were made by the methods previously described by us (14). In 
order to study the effects of higher concentrations of protein, 
ultrafiltration of serum through cellophane membranes under a 
pressure of approximately 150 pounds per sq. inch was carried out 
in the apparatus previously described (8). Solutions were also 
made of diluted serum in which saline was used as a diluent. 

Simultaneously with the preparation of the serum-dye-phos- 
phate solutions, a mixture was prepared in which the 1 ce. of 
serum was replaced by 1 cc. of water. Density and pH deter- 
minations were made on this mixture exactly as described above 
in order that the extent of the change effected by serum on the 
density value and on the pH might be ascertained. 
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DISCUSSION 


Typical Absorption Curves—The curves for mixtures containing 
dog serum are shown in Fig. 1 (Curves B and D). Curves A 
and C are those of the phenol red-phosphate buffer mixtures 
without serum at pH 7.74 and 7.54 respectively, and illustrate 
the change in density which occurs with change of reaction. For 
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Fic. 1. Absorption curves of phenol red in phosphate buffer mixtures 
with and without the addition of dog serum. The density readings of the 
mixtures were made with the Bausch and Lomb spectrophotometer in cells 
atadepth of 15mm. The final concentration of phenol red in each mixture 
was 0.00076 per cent. Solution A, 10 cc. of 0.0016 per cent phenol red 
solution + 10 ec. of m/7.5 phosphate buffer (Na,HPO.-KH,PO,) mixture 
+ 1 cc. of water; pH of solution = 7.740. Solution B, the same as Solution 
A except that 1 cc. of dog serum was added instead of water; pH of solution 
= 7.732. Solution C, the same as Solution A except that a phosphate buffer 
mixture of a lower pH value was used; pH of solution = 7.540. Solution D, 
the same as Solution B except that the phosphate buffer mixture of Solution 
C was used; pH of solution = 7.534. 


example, the density of the more alkaline solution at the point of 
maximum absorption, 560 my, is 1.14, while the density of the 
other solution at the same wave-length, 0.2 pH lower, is 0.90. 
Since the density is a linear function of the pH in this region, a 
change of density of 0.01 signifies a pH change of 0.0083. 

Curves B and D illustrate the effect of adding 1 ec. of dog serum 
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to the dye-phosphate mixtures used for Curves A and C respec- 
tively. No appreciable change in the color of these solutions could 
be observed with the eye alone, but the peaks of the absorption 
curves were lowered and shifted toward the red end of the spectrum 
after the introduction of serum, even though the pH was altered 
only 0.008 and 0.006 respectively towards the acid side. The 
extent of the shift was greater in the more alkaline buffer mixture. 
Furthermore, the curves of the serum-dye-phosphate buffer 
mixtures showed increased absorption above 565 my and de- 
creased absorption below this wave-length in contrast to the corre- 
sponding mixtures without serum. An examination of many 
samples of dog sera in this manner showed that the two curves 
(one with and one without dog serum) crossed each other at about 
565 mu. If the pH is calculated from the spectrophotometric read- 
ings at this wave-length, a good agreement is obtained with the pH 
value determined by the electrometric procedure and also with the 
readings obtained by direct visual comparison with dye-phosphate 
buffer standards employing the Walpole comparator principle. 
These results would indicate that the C correction for dog serum 
in the Cullen colorimetric pH method was due mostly to dilution 
and to change in temperature. 

The absorption curves of the dye-phosphate buffer mixture at 
pH 7.74 following the addition of human or rabbit serum were 
distinctly different from the curves obtained with dog serum. In 
Fig. 2 are shown the positions of curves after the addition of normal 
human or rabbit serum to the dye-phosphate mixtures in relation 
to that of the dye-phosphate mixture alone as indicated by the 
dotted line. While the pH of the three solutions was within 0.01, 
there was a great reduction of the absorption values around the 
region of 560 mu after the addition of these sera. This effect, 
readily observed with the eye, gave the impression that either the 
reaction had been markedly lowered or that the dye concentration 
had been reduced. The density value at 560 mu for the mixture 
containing human serum was much lower than that observed for 
dog serum but was well above that for rabbit serum. Therefore 
when Cullen found that the C correction for human plasma or 
serum was less than that for dog, no doubt most of this difference 
was due to the greater adsorption effect of human serum. Unlike 
the curve for dog serum, there was no shift noticeable with human 
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serum. When samples of human serum were concentrated by 
ultrafiltration from a normal value of about 7 gm. per 100 ce. 
to a high value of 12 to 15 gm. per 100 cc., a greater absorption 
was observed in the regions above 560 my together with a marked 
flattening of the peaks of the curves. The addition of the ultra- 
filtrate of serum caused no change in the density or pH values. 
The shift effected by rabbit serum was more marked than that 
found for dog serum. 
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Fic. 2. Effect of human and rabbit serum on the absorption curve of 
phenol red in phosphate buffer mixture. The solutions contain the same 
phosphate buffer and phenol red concentrations as those used in Fig. 1. 
1 cc. of human or rabbit serum was added to 20 cc. of buffer-dye mixture. 
The pH of the solution containing human serum was 7.741 and of that 
containing the rabbit serum was 7.733. The dotted line is the curve for 
the buffer-dye mixture without the blood serum but with 1 cc. of water 
added to make the dilutions the same. The pH of the latter solution 
was 7.74. 


These curves are representative of a number of determinations 
which in all cases showed a distinct difference in dog, rabbit, and 
human sera. While the blood sera of other species were not 
studied intensively, it is felt that each species may show a charac- 
teristic effect. One determination on the serum from a pig showed 
a slight increase in the density value at 560 muy, a shift of the 
position of the peak toward the red portion of the spectrum, and a 
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greater absorption in this part of the spectrum. One obtained 
the impression on visual observation that the dye concentration 
had been increased. 

Observations with Alkaline Solutions—-The adsorption effects 
described above are observed only in reactions close to neutrality. 
When human, rabbit, or dog sera are diluted 1:20 in a phenol 
red-sodium hydroxide solution, no adsorption of the dye takes 
place; that is, the density values agree within experimental error 
with the values of the same solution without serum. A repre- 
sentative experiment is illustrated in Table II in which the serum 
of a normal rabbit was added to the mixture. Furthermore, the 
presence of phosphate in an alkaline solution does not modify the 
results. The substitution of a m/15 phosphate buffer mixture at 


TABLE II 


Effects Observed on Optical Density after Addition of Rabbit Serum to a 
Solution of Phenol Red in 0.005 nw Sodium Hydroxide 


Depth of solution = 10 mm. 





Wave-length, mp, 530 540 550 555 558 560 562 565 570 








26 (1.37 | 1.41 | 1.41 | 1.38 | 1.31 | 1.07 


Solution A | 0.79 | 0.99 | 
25 | 1.38 | 1.41 | 1.41 | 1.39 | 1.32 | 1.08 


1 
“  B | 0.80 | 0.99 | 1 


Solution A = 10 ce. of 0.0016 per cent phenol red + 10 cc. of 0.01 n NaOH 
+ 1 ce. of water. Solution B = 10 ce. of 0.0016 per cent phenol red + 10 
ec. of 0.01 nN NaOH + 1 cc. of serum. 


a pH of 11.2 (NasPO,4: NagHPO, = 1) for the sodium hydroxide 
solution caused no adsorption of dye with the addition of serum. 
No permanent alteration of the protein which would affect its 
action toward phenol red takes place in the alkaline solution. 
The following experiment confirms this fact. Rabbit serum was 
added to the dye-sodium hydroxide mixture in the same amounts 
as employed in the previous experiments. The density readings 
made on this solution at the end of an hour showed no decrease 
in value when compared with the control sample of water-dye- 
sodium hydroxide. A phosphate buffer solution was then added 
to this mixture and also to the control tube which brought the 
final pH of these solutions down to approximately 8.2. At this 
reaction the density values of the tube containing the serum were 
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far below those of the control tube, and the absorption curve 
showed the typical shift of the position of maximum absorption 
as described above. 

Influence of Buffer on Adsorption Effect—A number of experi- 
ments were carried out in which the phosphate buffer solutions 
were replaced by a solution of the veronal buffer system introduced 
by Michaelis (15). This latter was prepared by adding 0.1 
n HCl to 0.1 m sodium diethylbarbiturate (sodium veronal) 
solution until, with the addition of the same concentration of 


























’ Lat 4 
| | % | aT" igi 
— Doe HUMAN ~ igor 
La bad | 
550 560 510 $50 S60 $70 $50 S60 570 
WAVE LENGTH (MILLIMICRONS) 








DENSITY 
° 
a 














Fic. 3. Absorption curves of serum-dye-buffer mixtures, similar to those 
in Figs. 1 and 2, in which the effect of the veronal buffer is compared with 
that of the phosphate buffer. In each case 1 cc. of serum was added to 20 
ec. of the buffer-dye mixture. The optical density values at 565 my of the 
phosphate-dye mixtures + 1 cc. of water were identical with those of the 
veronal-dye mixture + 1 cc. of water; the position on the graphs is indi- 
cated by the symbol ©. The pH values of the serum-dye-phosphate 
mixtures, the dotted curves, for dog, rabbit, and human serum respectively 
were 7.736, 7.737, and 7.736. The pH values for the corresponding serum- 
dye-veronal mixtures were 7.825, 7.827, and 7.826. 


phenol red solution, the optical density at 565 my was exactly the 
same as that of the phosphate mixture at pH 7.74. Although the 
intensity of the colors of these two buffer mixtures was the same, 
the pH of the veronal solution was 7.83. The comparative 
absorption curves obtained when normal rabbit, human, or dog 
sera were added to these systems are presented in Fig. 3. The 
adsorption of phenol red by serum was never as great in the pres- 
ence of the veronal buffer mixtures as it was in the presence of the 
phosphate buffer mixtures. Moreover, no appreciable shift of 
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the peak of absorption occurred with either dog or rabbit serum 
in the dye-veronal mixture. From these experiments we must 
conclude that the buffer system itself plays an important rdéle 
in the extent of the adsorption of phenol red by blood serum. 

Adsorption Effects of Serum Albumin and Globulin—From the 
studies of Grollman (3) and Smith and Smith (6) on undiluted serum 
it is well recognized that the adsorption of this dye was due to the 
albumin fraction. In the course of this study we prepared a 
number of samples of serum albumin and serum globulin by 
neutral salt fractionation. Solutions of globulin in saline with a 
concentration of about 5 gm. per 100 cc. were added to the dye- 
phosphate mixture in the same manner as the whole serum. The 
results indicated that the globulin of rabbit, dog, or human sera 
does not combine with the phenol red, for the absorption curves 
of the dye-buffer mixture were not altered by the addition of the 
globulin solutions. However, the albumin solutions with about 
the same concentration of protein gave the comparable effects 
observed when the whole serum of dog, rabbit, or human blood 
was employed. Our experiments therefore lead to the conclusion 
arrived at by the above workers. 

The quantitative relationship between the amount of phenol 
red adsorbed and the concentration of the serum protein was 
studied. Since the point of maximum absorption of most of the 
rabbit serum-dye-phosphate mixtures occurs in the neighborhood 
of 565 my, we have plotted in Fig. 4 the relationship of the density 
values at this wave-length to the albumin concentration of the 
color solution (as mg. per ce. of color solution). In a series of 
samples from human sera there are some determinations on the 
sera of patients with the nephrotic syndrome, in which the serum 
protein level is greatly reduced due primarily to the loss of large 
quantities of protein, mostly albumin, in the urine. Investigators 
employing various procedures have shown that the protein in the 
blood stream of these patients has been modified from that of the 
normal individual. The density values of the mixtures made 
from the sera of these patients were identical with those 
obtained on normal sera diluted to the same protein concentra- 
tion, which would indicate that, as far as ability to adsorb 
phenol red was concerned, the albumin was identical with that 
from the sera of normal human beings. Likewise determinations 
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on pathological sera of many other types never showed any 
deviation from the pattern given by normal human sera. The 
points at 0 concentration of protein (Fig. 4) are those obtained 
from the phosphate-dye mixtures to which 1 cc. of ultrafiltrate had 
been added. The higher concentrations of protein indicated are 
those obtained by ultrafiltration of the serum previously mentioned. 

The decrease in the density value at wave-length 565 muy is 
directly proportional to the rabbit albumin concentration from 0 
tolmg.percc. Above the latter concentration the rate of change 
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Fie. 4. The relation of the density values at 565 my to the albumin 
present in the phosphate buffer-dye mixture. The dilution of the serum 
is the same as that of previous experiments. The concentration of albumin 
in the original serum may be calculated, gm. of albumin per 100 cc. of serum 
= mg. per cc. of color solution X 2.1. The pH of all the mixtures was 7.74. 


per gm. of protein becomes less, so that when a normal rabbit 
serum is concentrated to double its albumin concentration the 
decrease in the density. value is almost within the error of the 
measurements. However, with the increase in protein concen- 
tration, the absorption curve shifts more toward the red end of the 
spectrum. The slope of the curve for human serum (Fig. 4) 
is much less than that of the curve for rabbit serum. A linear 
relationship between density and albumin values exists between 
0 and 3 mg. per cc. of albumin. Above 3 mg. the change in 
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density value with albumin concentration decreases to a marked 
degree. 

Grollman (3) found that the combination of phenol red and 
plasma proteins followed closely the adsorption isotherm z/m = 
Ke", where x equals the amount of dye adsorbed on m gm. of 
protein, c is the concentration of free dye, and k and n are constants. 
Goldring, Clarke, and Smith (5) show that their experiments with 
undiluted human plasma satisfied this relationship. We carried 
out a series of experiments by our procedure to determine whether 
or not this empirical law of Freundlich was obeyed. When rabbit 
serum was added to the M/15 phosphate buffer mixtures containing 
increasing amounts of phenol red, not only was the percentage 
of dye adsorbed decreased, but also the displacement of the posi- 
tion of maximum absorption was reduced. With increasing 
concentration of dye the points of maximum absorption more 
closely approached 560 my as found in the absence of serum. 
However, the shifting of the position of maximum absorption 
shown in Fig. 2 caused errors which made our calculations absurd. 
For example, in one of our experiments when we based our calcula- 
tions on density values at 560 my, the percentage of bound dye 
was 17.6, and when we used the values at 565 my the percentage 
of bound dye was only 15.8. Therefore, the procedure used in 
our experiments cannot be used directly to determine the validity 
of this law. The optical system and the method were adequate 
because, with wide variations of dye concentration in phosphate 
buffer-phenol red mixtures, a constant value for the specific 
transmissive index was always obtained. From these experiments 
it is realized that with change of rabbit and dog albumin concen- 
tration, the change in density value is also accompanied by a 
shift in the absorption curve. 

From these observations it may be concluded that the adsorption 
of phenol red by serum albumin will influence the magnitude of the 
C correction in the colorimetric determination of the pH of human 
and rabbit serum. As dog serum albumin, on the other hand, 
adsorbs practically none of the dye, the C correction in this case 
consists principally of the effects of dilution and of shifts in the 
values of the pK’ of carbonic acid and protein with changes in 
temperature. When serum is diluted 1:20 in CO,-free saline the 
change in reaction is toward one of greater alkalinity. The loss 
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of dye concentration by adsorption would lessen this dilution effect 
and give lower C corrections. The adsorption phenomenon no 
doubt explains the differences in C correction of the sera from 
various species which was observed by Cullen (7). The average 
value of the correction, 0.34, is greater for dog serum than for 
human serum, 0.23. The use of the colorimetric method for 
rabbit serum has always been unsatisfactory, as the tone of the 
serum-saline-dye mixture appears very different from that of the 
phosphate buffer color standard. However, the C corrections 
reported for rabbit serum by various investigators have always 
been lower than those for human serum, which might be expected 
from our absorption curves. Robinson, Price, and Cullen (8) 
observed that the magnitude of the C correction, both in human 
and dog sera, is related to the concentration of the protein in the 
serum. Our observations in this report would indicate that 
adsorption of dye by dog serum albumin is not a part of this 
effect. 


SUMMARY 


1. Blood serum may be added in the proportion of 1:20 to a 
m/15 phosphate buffer mixture with practically no change in the 
pH of the mixture. This system containing phenol red at a pH 
of 7.74 was utilized to study the adsorption effects of human, dog, 
and rabbit sera on the dye. Spectrophotometric absorption 
curves were determined for the region between 500 and 600 mu. 

2. The decrease in the optical density values in the region of 
560 my was greatest with rabbit serum, much less with human 
serum, and very slight for dog serum. Rabbit and dog sera 
caused a shift of the position of maximum absorption toward the 
red end of the spectrum. 

3. This effect is due almost entirely to the albumin concentration 
of the serum and in the case of rabbit and human sera it is of such 
magnitude that the optical density at 565 my was found to be 
related directly to the albumin concentration. 

4. All pathological human sera with low albumin concentrations 
studied showed that their density values agreed with the values 
that were found for the same concentration of normal serum 
albumin. 

5. No adsorption effects were observed when serum was added 
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| to 0.005 n sodium hydroxide solution or to a m/15 phosphate 
| buffer mixture of pH 11.2. 

6. A comparison of the phosphate and the veronal buffers 
indicated that the buffer system has an influence on the magnitude 
of the density values and on the position of maximum absorption. 
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URINARY HISTIDINE 


DETERMINATION OF HISTIDINE IN URINE. HISTIDINE IN 
NORMAL AND IN PREGNANCY URINES 
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Determination of Histidine in Urine 

In connection with studies of histidine and carnosine, and in 
particular of a colored trimolecular complex of histidine, creatinine, 
and 2.5-dinitrobenzoate, it became desirable to determine histi- 
dine in urine. With the published procedures of Kapeller-Adler 
for the colorimetric estimation of histidine (1) and also of carnosine 
after hydrolysis to histidine, no unusual difficulty was anticipated 
in making the desired determinations. But in application of the 
procedure to urine, or even to pure histidine solutions, such wide 
variations in the analytical results were observed that confidence 
in them was destroyed. 

The color reaction involves bromination of histidine in acid 
solution, followed by neutralization of the acid with excess of 
ammonia, and heating of the alkaline solution, whereupon a blue 
or violet color develops. The reaction was discovered by Knoop 
(2), who considered that it was useful only as a qualitative test. 
Hunter (3) attempted to stabilize the color by extracting excess 
bromine with chloroform, and Kapeller-Adler showed that if 
precipitation of the colored substance could be avoided, histidine 
could be estimated quantitatively from the solution obtained. 
The only substances other than histidine which have been found 
to give the reaction are histamine, which gives a yellow, and 
methylhistidine (a-amino-$-methylimidazolepropionic acid), which 
gives a pale red of about one-fifth the intensity given by histidine. 
Since these substances seldom occur in appreciable amounts in 
solutions which contain histidine, it is usually assumed that the 
test is specific for histidine. 
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The chemistry of the changes of the histidine is not known; 
Hunter believes that 3 atoms of bromine are involved, and Ka- 
peller-Adler gives evidence that both the primary amine and 
imide groups of histidine are necessary for color formation.! 
Chemical studies, as well as the attempted clinical applications of 
the reaction, are reviewed by Tschopp and Tschopp (4) and others 
(5-7). It is unfortunate that analyses, wherever given, are for 
histidine in mg. per cent of urine without other data to aid in 
interpreting their meaning. 

Several modifications of procedure for the analysis of histidine 
are hereby recommended as contributing greatly to the depend- 
ability without adding to the complexity of the analyses. The 
suppression of color formation when histidine is added to urine 
is shown to be caused by urea, in addition to amino acids, which 
are known to have this effect (8). Histidine may be treated, as 
will be described later for urine, with a loss of less than 5 per cent, 
and it is concluded that the histidine of urine is subject to no 
greater loss. . 

Carbon tetrachloride containing 1 per cent (by volume) of 
bromine is aspirated by use of a current of air into the histidine 
solution in dim light. A uniform excess of bromine thus is main- 
tained, and the solution volume change is not appreciable. After 
20 minutes of aspirating, the bromine remaining with the histidine 
is removed by addition of phenol, which reacts instantly, and does 
not interfere with subsequent development of color. Conrad and 
Berg (9) used for this purpose 1 drop of saturated As,O; in 10 per 
cent NH,OH, which is not suited to our procedure. _ It is desirable 
that the color be developed in acid (pH about 4.6) rather than in 
ammoniacal solution (3, 6). The formation of a precipitate of 
phosphate is avoided, and the colors may be compared directly. 
The sensitivity of the reaction permits the accurate estimation of 
as little as 0.04 mg. of histidine per cc. of urine, and of smaller 
amounts with fair accuracy. Details of the procedure follow. | 

Reagents Requtred | 

Sulfuric acid, 10 per cent by weight. 
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! In this laboratory, Marjory Taylor has found that, after bromination of 
histidine, two primary amine groups are present, and that after heating 
only one remains. It may be inferred that the imidazole ring is opened by 
the addition of bromine, and that a different ring is formed during the 


heating. 
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Powdered KMnQ,. 

Acid-washed decolorizing carbon. 

Bromine in carbon tetrachloride. 1 cc. of bromine is added to 
100 cc. of carbon tetrachloride. 

0.5 per cent phenol. 

Saturated sodium acetate in water (room temperature). 

Histidine Standard A, 1 cc. = 1 mg. of histidine. Dissolve 
123.5 mg. of histidine monohydrochloride in water and dilute to 
100 cc. Add a few drops of chloroform. 

Histidine Standard B, 6 cc. = 1 mg. of histidine. Pipette 50 cc. 
of histidine Standard A into a dry 500 ce. flask; add exactly 200 ce. 
of water and 50 ec. of 10 per cent H.SO,. 


Analysis of Urine for Histidine 


To 25 ce. of urine? are added exactly 5 ce. of 10 per cent sul- 
furie acid. Powdered KMnQ, is now added in small portions 
with stirring until the purple color persists for about 15 seconds. 
Usually, with undiluted urine, about 75 mg. of KMnO, are re- 
quired. Acid-washed charcoal (0.5 gm. of less) is then added; 
the solution is stirred for about 1 minute, and is then filtered. 
6 cc. of the nearly colorless filtrate are pipetted into each of two 
test-tubes graduated at 10 ec. and 6 ec. (= 1 mg.) of the histidine 
Standard B into another. To one of the tubes containing the 
filtrate is added 0.4 ce. (0.4 mg.) of histidine Standard A. The 
tubes are now protected against exposure to light (standing in a 
comparator block and covered with a dark cloth), and into the 
solutions is aspirated bromine in carbon tetrachloride (about 
1.5 ec. for each sample) at such a rate that a brown color of bro- 
mine is present. After 20 minutes, 1 ec. of 0.5 per cent phenol is 
added to each tube, and the bromination is stopped at once. The 
colorless, bromine-free solution, if kept cold, is stable for at least 
3hours. To each tube is added 1 ce. of saturated sodium acetate; 
they are shaken, and immediately are immersed in a boiling water 


* With pregnancy urines the colors obtained are usually too intense to be 
compared with the standard. The following volumes of urine are diluted 
to 25 ec. for analysis: urines of specific gravity 1.00 to 1.005, 25 cc.; 1.005 to 
1.010, 20 ce.; 1.010 to 1.020, 15 ec.; 1.020 to 1.028, 10 ec.; 1.028 and higher, 5 
ee. Proportionately smaller amounts of KMnQ, and charcoal are required 
to yield nearly colorless filtrates. With dilute urines the effect of urine 
substances in suppressing the color often may be ignored. 
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bath for 1 minute (light excluded). The solutions are cooled to 
room temperature in an ice bath, diluted to 10 cc., and the colors 
are compared within a few minutes. Calculations are made as 
usual to give the histidine content per 5 cc. of urine. A correction 
must be applied, based on the recovery of the added histidine; 
e.g., 6 ce. of filtrate analyzed — 1.09 mg. of histidine, 6 cc. of fil- 
trate + 0.4 mg. — 1.37 mg. of histidine, 1.37 — 1.09 = 0.28 mg. 
= 70 per cent of the 0.4 mg. added, 1.09 + 0.70 = 1.56 mg. of 
histidine in 5 cc. of urine. 

When amounts of histidine larger than could be matched with 
1 mg. were present, the determination was repeated with diluted 
urine. More dilute standards were often required. 


Indicator Color Standards for Histidine (Bromination in Dark, 
Aspiration with Air) 


The reaction between histidine and bromine is affected by so 
many different environmental factors that, before the colors 
produced could be called maximal and constant, it was essential 
to prepare standard solutions of indicators to match the colors 
obtained with stated amounts of histidine. Standards have been 
prepared by mixing suitable amounts of three indicator solutions 
prepared according to the directions given by Clark (10). The 
proportions are given in Table I. When solutions of pure histidine 
give paler colors than are present in these mixtures, either in- 
complete color development is being obtained or fading has 
occurred. Since the indicator colors are not quite identical with 
those given by histidine, the use of a Wratten B filter (transmits 
480 to 625 my, 85 per cent at 520 my) (Eastman Kodak Company) 
is recommended for matching in the colorimeter. The diluted 
color standards, unless stored in the dark and at low temperature, 
should be prepared fresh every 2 or 3 days, as the methyl red fades. 


Relation of Color to Concentration of Histidine 


Different known amounts of histidine were diluted to 5 cc. with 
water, 1 ec. of 10 per cent sulfuric acid was added, and bromination 
and color development were carried through as usual. The data 
(not shown here) showed that, within the usual limits of colorim- 
etry, the color was directly proportional to the histidine present. 
After the color was developed, dilution with an equal volume of 
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water could be made without alteration of the color quality, or 
increase in the rate of fading. 


Effect of Urea upon Color 


During studies of the histidine content of urine, a test showed 
that urea lessened the amount of color produced. A suppression 
of color occurred also when urea was added to histidine after it 
had been brominated and the excess bromine had been removed, 
but once the color was developed, the effect was no longer ob- 


TaBLe | 
Color Standards for Histidine 
The stock indicator solution consists of bromocresol green, 0.04 per cent, 
5 ec.; methyl red, 0.02 per cent, 7 cc.; phenol red, 0.02 per cent, 1 ce. 
Dilute the mixture to 50 cc. with phthalate buffer, pH 4.6.* 








Conditions Indigntor | Phthalate] 0.1 acid or | Water | Histidine 
ce. ce. ce. ce. mg. 
Air 6 8 0.7 NaOH 1.3 1.0 
3 5 0.1 HCl 3.0 0.8 
3 5 as * 6.3 0.6 
3 5 — = 14.3 0.4 
CO, (followed by addi- 3 4 0.4 NaOH 1.0 
tion of phenol and 
aeration for 1 min.) 




















With different indicator preparations slight variations in the amounts of 
NaOH or HCl, with converse changes in H,O added, may be necessary. 

* To 50 cc. of 0.2 M potassium hydrogen phthalate are added 9.72 cc. of 
0.2 m NaOH, and the solution is diluted to 200 cc. 


servable. The conclusion seemed inevitable that urea reacts 
with some brominated substance derived from histidine, or else 
with histidine itself. Various amounts of urea were added to 
solutions containing histidine, and the relation between urea 
content and color was determined. The data are reported in 
Table II. 

The suppression of color seems to depend more upon the total 
amount of urea present than upon the relation of urea to histidine. 
Therefore, by adding a known amount of histidine to a urine filtrate 
and determining the inhibiting influence of the urine components, 
the histidine of the urine may be calculated without analysis for 
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urea. That the color is suppressed in urine was shown by remov- 
ing the urea with urease; a typical analysis (one of several which 
were carried out) is cited. The histidine, measured in mg. per 
ee., was 0.116 for urine (unmodified), 0.094 for urine + 300 mg. 
of urea per 5 cc., 0.240 for urine with urea removed, and 0.176 
for urine with urea removed and 300 mg. of urea added per 5 cc. 


Observations upon Color 


In order to observe the color produced after bromination of 
histidine in the absence of air and light, bromine was aspirated into 
acidified histidine solutions by use of a stream of carbon dioxide, 


TaBLe II 
Effect of Urea upon Color Formed by Histidine 
Bromination in the dark, with air, for 20 minutes. In each case, the 
volume before bromination was 6 cc. 














Urea present 
50 mg. | 100 mg. | 150 mg. | 200 mg. aa 
Histidine determined 
0.78 0.6 | 0.50 0.55 1 mg. histidine present 
0.76 | 0.65 0.58 0.57 é P 
0.36 0.33 0.22 | 0.21) 0.5 « . ™ 
0.36 (0.22 . 


0.35 0.23 





light being excluded. It was soon found that, for reasons which 
are at present unexplained, maximum color was not produced un- 
less the solution was shaken with air after the frée bromine was 
removed. Under these conditions, the color differed from that 
obtained when the bromine was aspirated with air, and matched 
the indicator standard given in Table I. The color was a mixture 
of red and blue, and the relative amounts of the red and blue 
components varied in unpredictable ways. The total color, 
however, when matched against an indicator standard by use of a 
Wratten C, filter (transmits 255 to 500 my, 20 per cent at 460 
mu), always was found to be proportional to the histidine con- 
tent of the solution. The red component of the color was bleached 
instantly when the solution was made ammoniacal, whereas the 
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blue component remained, which indicates that the chemical 
reactions producing the two colors are different. After bleaching 
of the red, heating of the ammoniacal solution did not increase the 
amount of blue, nor did reacidifying restore the red. That an 
equilibrium between the red and blue colors existed was indicated 
by the fact that during the heating to develop the color the solu- 
tion first was pink and then became blue as the heating was con- 
tinued. At the end of 1 minute, it was deep blue, and upon being 
cooled, changed again to violet, owing to the reappearance of 
the red. These observations indicate that at least two reactions 
occur during bromination of histidine, and that accurate spectro- 
photometric studies of the two colors should be made to relate 
them to the chemical changes. 

When bromination of histidine is effected by aspirating with 
air, the above color variations are not observed. The color is 
brighter red, and is far more reproducible in hue than when CO, 
is used. 

Exposure to ordinary daylight, especially during the bromina- 
tion under COs, has been found regularly to diminish the color 
obtained with histidine. For this reason, light has been excluded. 


Histidine Content of Normal and Pregnancy Urines. Creatinine to 
Histidine Ratio 

In an attempt to determine whether or not the histidine excre- 
tion may be used as an index of pregnancy, we have determined 
the specific gravity, creatinine, and histidine content of normal 
and pregnancy urines, and, after studying the data, have plotted 
the ratios of creatinine to histidine, each in mg. per cc. of urine, 
as being a convenient means of characterizing the urines with 
regard to their histidine content. In this way, the urines, regard- 
less of their water content, should fall into either of two groups. 
If the histidine content is high, as in pregnancy, the urine would 
be characterized as having a low creatinine to histidine ratio as 
compared with that of the male or the non-pregnant female. 
Differentiation of urines in this way is based upon a convenient 
number scale, ranging usually between 1 and 20. Accordingly, 
we have analyzed urines collected without regard to time, to the 
diet, or to the physical condition of the subjects. One urine 
sample per individual was included, and no data have been ex- 
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cluded. The male donors (43 in number) were mostly medical 
and dental students, the non-pregnant females (61 in number) 
were medical students and nurses, and the pregnancy urines (107 in 
number) were obtained at the prenatal clinic of the Buffalo 
General Hospital, the cases being from 2 to 9 months from the 
onset of pregnancy. There was no relation between the months 
of pregnancy and the size of the ratio. The values are summa- 
rized in Fig. 1 as simple frequency distribution curves, so that both 
the frequency of the ratios and the spread can be seen at a glance. 
As most of the ratios in pregnancy were determined upon diluted 
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Fic. 1. Simple distribution curves for the ratio of creatinine to histidine 
for normal and pregnancy urines. 








urines, and in most cases were below 4, corrections for the suppres- 
sion of color by urine constituents were made only in the small 
number of cases in which the ratio was greater than 4, and those 
in which undiluted urine was used. A more accurately placed 
curve for the pregnancy urines would be slightly to the left of that 
given, except in the range 4 to 6. On the contrary, the ratios 
for the non-pregnancy urines were all corrected for the suppression 
of color, so that the position of this curve is essentially correct. 
The grouping of the ratios in pregnancy over the smaller numbers 
is in striking contrast to the wide range of the non-pregnancy 
ratios over the larger numbers. The ratios for pregnancy urines 
ranged from 0.9 to 6.4, with an average (107 determinations) of 
2.71; for the non-pregnant female, with one exception, from 
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5.5 to 18, with an average (61 determinations) of 8.68; and for the 
male from 5 to 15.0, with an average (43 determinations) of 9.23. 
Although the averages of the ratios indicate a sharp separation 
between the types of urine analyzed, there is moderate overlapping 
of the distribution curves between the values 4 and 6. There- 
fore, the ratio, as determined upon casual urine samples, cannot be 
used as an unequivocal index as to pregnancy. Several males and 
non-pregnant females, whose urines gave unusually low ratios 
with a first sample, gave higher ratios when second samples were 
collected and analyzed several days later. Also, urines from 
several of the pregnant women showed diminished values for the 
ratio from about 5 at one time to about 4 at another. It seems 
from these observations that the extent of the overlapping of the 
distribution curves could be lessened somewhat by analyzing 
several specimens of urine per individual, and plotting average 
values of the ratios, whereby the usefulness of the data as indicat- 
ing pregnancy would be increased correspondingly. It is clear 
that, if the creatinine-histidine ratio is to be useful as an indica- 
tion of pregnancy, conditions must be found under which the ratio 
distribution curves are distinctly separated in the range of 4 to 6. 
From the data at hand, which apply only to normals and to preg- 
nancies of 2 or more months duration, it is reasonable to estimate 
the probability of pregnancy as being very great for ratios smaller 
than 4, and the probability of pregnancy as being very slight 
when the ratio is greater than 6, but probability figures for preg- 
nancy when the ratios are between 4 and 6 should be considered 
as having no significance at all. About 16 per cent of the urines 
studied fell within this range. Possibly more definite separation 
between pregnancy and non-pregnancy distribution curves might 
be obtained if the urines were collected under postabsorptive or 
basal conditions. It is not improbable also that figures repre- 
senting the rate of histidine excretion after ingestion of a known 
amount of histidine would be more useful than a ratio of creatinine 
to histidine. 

Comparison of the spread of values for the ratios for the preg- 
nancy and non-pregnancy urines may seem to indicate that the 
non-pregnant group shows the more variable excretion of histidine. 
But the wide range probably occurs because the histidine excre- 
tion is small, so that small differences in histidine content of the 
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urine, or of errors in its estimation, are reflected as large differ- 
ences in the ratios. Small changes in excretion of histidine might 
readily be of dietary origin. On the other hand, when larger 
amounts of histidine are excreted, as in pregnancy, small varia- 
tions in histidine output change the ratio very little. Dietary 
factors alone can hardly account for these low ratios. 

In order to be sure that the low ratios of pregnancy urines are 
not to be attributed to the excretion of creatine rather than of 


Tass III 


Comparison of Ratios of Creatinine to Histidine and of Creatine + Creatinine 
to Histidine in Pregnancy Urine 


Creatine is expressed as mg. of creatinine. 


Ratio 
Sp. gr. Histidine | Creatinine laine + Ceeetiien ‘Cutie * cilities 
Histidine Histidine 
mg. perce. | mg. perce. mg. per cc. 
1.030 0.72 1.75 2.22 2.4 3.1 
1.012 0.13 — 0.40 0.63 3.1 4.9 
1.030 0.47 1.71 2.16 3.5 4.4 
1.009 0.09 0.19 0.23 2.1 2.5 
1.005 0.04 0.13 0.17 3.2 4.7 
1.017 0.09 0.41 0.73 4.5 8.4 
1.010 0.12 0.47 0.52 3.9 4.3 
1.026 0.42 1.68 2.18 4.0 5.2 
1.025 1.02 1.12 1.42 1.1 1.3 
1.021 0.29 0.92 | 1.35 3.1 5.0 
1.022 0.37 0.71 1.07 1.6 2.1 
1.017 0.25 0.41 0.50 1.6 2.1 
1.016 6 *, 


0.33 0.55 0.64 1 


creatinine, analyses were made for creatine by the sulfuric acid 
procedure (11). The data are reported in Table III, and show 
beyond doubt that the excretion of creatine does not account 
for the low creatinine to histidine ratios. 


Acknowledgments are made to Gertrude Swarthout, who as- 
sisted greatly in standardizing the procedure for the analysis of 
histidine, as well as to several persons on the staff of the Buffalo 
General Hospital, who assisted in collecting the urine specimens. 
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SUMMARY 


A procedure for the estimation of histidine in pure solutions and 
in urine by use of the Knoop bromination reaction is described. 

Directions are given for the preparation of indicator standards 
by use of which the histidine colors may be evaluated. 

Several peculiarities of the histidine colors are described. 

The ratio of creatinine to histidine (each in mg. per cc.) has been 
determined for normal and pregnancy urines. During pregnancy, 
the ratios range from 0.9 to 6.4 with an average value of 2.71, 
and in non-pregnancy from 2.5 to 17.7 with an average value of 
about 8.9. 

From a study of the simple distribution curves for the ratios, 
it is concluded that the estimation of histidine in relation to 
creatinine of the urine cannot be recommended at present as a 
reliable test for pregnancy, as about 16 per cent of the urines 
studied could not be definitely classified. The estimation may be 
recommended, however, as a valuable aid in the rapid diagnosis 
of, or routine testing for, pregnancy. 
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There is considerable confusion in the literature regarding 
scarlet fever toxin and “toxic or poisonous” substances obtainable 
from cultures of scarlet fever streptococci. In 1934, for instance, 
Hooker and Follensby (1) described an A and B toxin of scarlet 
fever; in 1936 Kodama (2) separated three substances from strep- 
tococci which gave skin reactions; and in 1938 Eaton (3) in a review 
rallied to the opinion of the plurality of the toxin. 

The substance under discussion here is the specific soluble toxin 
of scarlet fever. There is no evidence thus far that more than one 
such substance exists and in order to demonstrate its presence the 
following tests should be made: (1) The substance should be 
destroyed by boiling; (2) suitable dilutions injected into the skin 
of numerous human subjects should give positive reactions when- 
ever a positive reaction is given by one skin test dose of a standard 
scarlet fever toxin obtained from streptococci which have produced 
typical experimental scarlet fever in man, and give negative 
reactions when the reaction to the standard toxin is negative; (3) 
after giving a positive reaction in a human subject who gives a 
positive test with standard scarlet fever toxin, it should, in proper 
dilution, give a negative test in the same individual when mixed 
with a suitable amount of specific scarlet fever antitoxin; (4) 
it should produce nausea, vomiting, fever, malaise, and a typical 
scarlet fever rash in susceptible human subjects when given 
hypodermically in a single dose of 1000 to 3000 skin test doses. 

The substance discussed here has been subjected to all of these 


* Read before the meeting of the American Society for Clinical Investi- 
gation at Atlantic City, May 6, 1940. 
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tests and is, therefore, specific scarlet fever toxin. It was prepared 
according to the method given by Dick and Boor (4). The toxin, 
a white, fluffy substance, dissolved readily in water, giving a 
yellow color in concentrated solutions, and contains from 20,000 
to 30,000 skin test doses per mg. 

From a study of the chemical properties of this purified toxin, 
as reported in this paper, the conclusion is drawn that scarlet 
fever toxin is a protein of small molecular weight, some amino 
groups of which are essential for its activity. Furthermore, 4 
study of the electrophoretic mobility of the toxin at different 
hydrogen ion concentrations has shown that the toxin may be 
freed by electrophoresis of some nitrogenous impurities stil] 
present. In all the experiments the activity was tested with the 
skin test for susceptibility to scarlet fever as developed by Dick 
and Dick (5). 

Effect of Temperature—It is generally agreed that scarlet fever 
toxin is very resistant to heat. To test the effect of temperature, 
the purified toxin .(0.5 mg. per cc. dissolved in phosphate buffer 
of pH 7.4) was heated for 1 hour at different temperatures. Heat- 
ing for 1 hour without shaking up to 90°, and for 45 minutes up to 
100° (boiling water bath) caused no loss of activity. Bubbling 
either purified nitrogen or oxygen through the solution when 
heated in a boiling water bath resulted in loss of activity. Ap- 
parently, agitation at this temperature produced denaturation of 
the toxin as agitation at lower temperatures produces denaturation 
of proteins of higher molecular weight (for example, hemoglobin). 

Effect of pH—It is generally believed that scarlet fever toxin is 
very unstable in alkaline solution, although no study of the in- 
fluence of hydrogen ion concentration on the activity of the toxin 
has been reported. To test this influence, the universal buffer 
of Theorell and Stenhagen (6) was used from pH 2.08 to 11.77; 
by the use of this buffer, the chemical nature of the electrolytes 
was kept identical. The toxin solutions (1 mg. of toxin dissolved 
in 1 ec. of water plus 4 cc. of buffer) were kept for 24 hours at room 
temperature (+25°). They were then neutralized, diluted to the 
proper dilutions for skin tests, and filtered through Jena fritted 
glass filters for bacteriological filtration. The pH values of the 
solutions were measured by both the glass and hydrogen electrodes 
at 25°. As can be seen in Table I, the toxin was extremely re- 
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sistant to changes in the hydrogen ion concentration, the stability 
being greater in acid solutions than in alkaline solutions; it did 
not lose its activity after 24 hours in 0.1 n HCl (pH 1.08), but it 
was destroyed when kept in 0.1 n NaOH or in buffer solutions of 
a pH value of 11.77. 

Effect of Ketene— Acetylation with ketene has proved to be useful 
in determining the importance of amino groups for biological 
activity. It is a highly specific acetylating agent for aqueous 
solutions of proteins, and several investigators (Herriott and Nor- 


TaBLeE I 
Effect of pH on Activity of Scarlet Fever Toxin 


The toxin solution containing 1 mg. per cc. was kept for 24 hours at room 
temperature (+25°); buffer, universal of Theorell and Stenhagen. 








pH | Sise of skin reaction 
mm, 

1.08 22 X 16 (faint) 
2.08 | 28 X 36 (bright) 
3.01 38 X 40 - 
3.97 46X32 
5.05 38 X 32 ” 
6.03 34 X 42 - 
7.05 | 2x28 
7.99 33 X 30 ™ 
9.03 32 X 30 - 
10.00 35 X 23 - 
11.18 35 X 25 > 
11.77 Negative 








throp (7), Stern and White (8), Pappenheimer (9)) have shown 
that primary amino groups react most rapidly, while the OH 
groups of tyrosine are acetylated at a much slower rate. With 
glucosamine in aqueous solution, only the NHe groups react with 
ketene, forming N-acetyl glucosamine (Bergmann and Stern 
(10)), while the OH groups in carbohydrates resulting from hy- 
drolysis of egg albumin are not acetylated (Neuberger (11)). 
Ketene destroys the activity of diphtheria toxin (Pappenheimer 
(9)) and of tetanus toxin (Velluz (12)), and, to some extent, the 
toxicity of gonococcus and meningococcus cells (Boor and Miller 
(13)). To test the effect of ketene on scarlet fever toxin, 50 mg. 
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of the toxin were dissolved in 10 cc. of 2 m acetate buffer of pH 
5.06, put into a cellophane bag, and kept inside a 1 liter beaker 
containing the same acetate buffer to avoid changes in the hydro- 
gen ion concentration inside the bag. Ketene was generated in 
the apparatus devised by Herriott (14).!_ The ketene vapor, before 
reaching the toxin solution, was purified by being passed through 
a flask cooled with ether and CO, snow; the gas was bubbled at 
a rate of about 4 ec. per minute and samples were withdrawn at 
different intervals (5, 10, 20, and 40 minutes). The solutions were 
then dialyzed overnight in cellophane bags at 3° in running dis- 
tilled water, made neutral, and tested at two dilutions, one '9 


TaB_e II 
Effect of Ketene on Activity of Scarlet Fever Toxin 
50 mg. were dissolved in 10 cc. of 2m acetate buffer, pH 5.06. Ketene 
was bubbled at the rate of 4 cc. per minute. 





Size of skin reaction 





Time after ketene | 
treatment 








1X 8000 dilution | 1 X 800 dilution 
min. | mm. | mm. 
Control 27 X 25 
5 Negative 20 X 28 (bright) 
10 “= 18 X 15 (medium bright) 
20 " 10 X 10 " ” 
40 . Negative 





times stronger than the other. The toxin used as control was 
treated identically, except for the ketene treatment (Table II). 
The toxin, at a dilution of 1 X 8000 was completely inactive at the 
end of 5 minutes. There was some activity at a dilution of 
1 X 800, but it was completely lost at the end of 40 minutes. This 
loss of activity, after a short treatment with ketene, may be taken 
as an indication that ketene destroys by acetylation the primary 
amino groups essential for the activity of the toxin. 

Effect of Nitrous Acid—The action of nitrous acid on amino 
groups has been known for a long time, and was used by Levene 
and Van Slyke (15) for the determination of amino acids. As 
shown by Philpot and Small (16), nitrous acid resembles ketene in 


1 We express our thanks to Dr. A. K. Boor for his kind loan of the ketene 
generator. 
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first attacking the primary amino groups in the protein molecule. 
If ketene destroyed the activity of scarlet fever toxin by acety- 
lation of amino groups, nitrous acid would also destroy it. Such 
indeed was the case. The experiments were performed at pH 
4.07 in acetate buffer. To 1.15 ec. of 1 N acetic acid were added 
3.85 ec. of H,O, 5 ec. of a toxin solution containing 4 mg. per cc., 
and 345 mg. of NaNO, (final concentration 0.5 m). After stand- 
ing half an hour at room temperature, the solution was neutralized, 
dialyzed overnight as indicated, and tested. For control, a 
toxin solution was used in which the NaNO, was replaced by an 
equimolecular concentration of NaCl and the acetic acid replaced 
by acetate buffer with a final pH value of 4.06. Treatment with 








TABLE III 

Effect of Nitrous Acid and Iodine on Activity of Scarlet Fever Toxin 
Substance | pH aoe | Size of skin reaction 

am tae eee ae | eee men. 
Control. dl 4.06 20 X 18 (bright) 

Sodium nitrite (0.5 m)..... 4.07 0.5 Negative 
Control.....................| 7.02 30 X 32 (bright) 

Iodine (0.002 Nn). “ee | 7.02 | 6.0 Negative 

0.002 **)..... serena] 4.63 | 6.0 ‘- 

ry | 3.01 | 6.0 20 X 20 (bright) 








nitrous acid destroyed the activity of the toxin completely, thus 
giving more support to the conclusion drawn from the experiments 
with ketene (Table ITI). 

Effect of Iodine—Iodine may react with proteins either as an 
oxidizing agent, or as a substitution agent, its activity as an oxidiz- 
ing agent being increased as the hydrogen ion concentration in- 
creases, while its activity as a substitution agent diminishes under 
the same conditions. The effect of iodine (0.002 N) on scarlet 
fever toxin was studied at three pH values, 7.02, 4.63, and 3.01, the 
solutions being kept in the presence of iodine for 6 hours at 25°. 
At the end of this time the iodine was destroyed by the addition 
of cysteine, the solution was diluted, dialyzed overnight, and the 
skin tests performed (Table III). The toxin was destroyed by 
iodine at pH values of 7.02 and 4.63, while at a pH value of 3.01 
it still retained activity (control, 30 X 32 mm.; with iodine, 20 x 
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20 mm.). Doubtless, this iodine inactivation is due to action of 
the reagent on the amino groups of the toxin more than to strict 
oxidizing action, for when the oxidizing power was increased by 
making the solution more acid there was no inactivation. 

Effect of Porphyrindin and Other Oxidizing and Reducing Sub- 
stances—Porphyrindin, a dye of highly positive oxidation-reduction 
potential (£’) at pH 7.0 = +0.57 volt) was recommended by 


TABLE IV 


Effect of Porphyrindin and Other Oxidizing and Reducing Substances on 
Activity of Scarlet Fever Toxin at pH 7.06 


Substance mee Size of skin reaction 

hrs. mm. 
Control... 35 X 30 (bright) 
Porphyrindin (0.001 m) 0.5 Negative 
Control..... 30 X 30 (bright) 
HO, (0.009 m) 4.5 28 X 13 = 
CuCl, (0.00015 m) 4.0 22 x 20 *s 
Oxidized glutathione (0.033 m) 4.0 28 xX 15 ‘ 
Iodoacetic acid (0.001 m) 4.0 35 xX 30 
Cysteine (0.023 m) 4.0 19 X 20 “ 
Glutathione (0.023 m) 4.0 28 X 21 " 
Na,S.0, (0.02 m) 7.0 20 x 23 
HS (saturated) 5.0 28 X 20 ” 
Pt + H..... 6.0 29 X 22 = 
Iodoacetamide (0.01 m) 4.0 35 xX 30 
Alloxan (0.05 m).. 5.0 28 X 25 
Caffeine (0.01 m)... 4.0 33 X 35 ¥, 
Sulfanilamide (0.005 m) 0.1 35 X 25 (faint) 

= ultraviolet irradiation 
0.1 30 X 20 m3 


(0.005 m)...... 
Kuhn and Desnuelle (17) as a reagent for the rapid oxidation of 
—SH groups in the protein molecule. As such it has been ex- 
tensively used by Greenstein (18). The effect of porphyrindin, 
kindly supplied by Dr. L. Hellerman, was studied at pH 7.06 
by treating the toxin with the dye (final concentration, 0.001 m) 
for half an hour, the skin tests being performed after dialysis and 
proper dilution. Porphyrindin, under such conditions, destroyed 
the activity of the toxin (Table IV). 

The inactivation of the toxin by porphyrindin made it necessary 
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to study the effect of substances which combine with either the 
—SH or —S—S— groups of proteins, inasmuch as the presence of 
these groups as the active constituents of certain hormones 
(insulin, du Vigneaud (19)), enzymes (urea, Perlzweig (20), papain, 
Hellerman and Perkins (21), cholinesterase, Nachmansohn and 
Lederer (22)), and toxins (snake venoms, Micheel and Emde (23), 
Binet, Weller, and Robillard (24)) has been recently established. 
Of the compounds known to react easily with either —SH or 
—S—S— groups under physiological conditions (at neutral reac- 
tion and temperatures not above 38°) the following were used: 
as reagents for —SH groups, CuCl, (0.00015 m), CH,ICOOH (0.01 
m), CH.ICONH, (0.01 m), oxidized glutathione (0.023 m), alloxan 
(0.05 m), caffeine (0.01 m), HO, (0.009 m); as reagents for —S— 
S— groups, cysteine (0.02 m), glutathione (0.023 m), Na.S.O, (0.02 
m), H2S (saturated), and Pt black plus H; (Table IV). Since none 
of these substances had any effect on the activity of the toxin, it 
must be concluded that no active —SH or —S—S— groups are 
present. The inhibiting action of porphyrindin must therefore 
be attributed to destruction of some active group other than a 
sulfhydryl group. To elucidate this question, a number of sub- 
stances containing primary amine groups (glycine, phenylalanine, 
histidine, tryptophane, tyrosine, tyramine, histamine, 1,4- 
diaminobutane, diethylamine) were treated with porphyrindin at 
pH 7.33, 25°, a ratio of 10 parts of amine to 1 of dye being used. 
With tyrosine and tyramine the reaction was immediate, as shown 
by prompt and complete reduction of the dye; with tryptophane, 
the dye was half reduced at the end of 1.75 hours. Porphyrindin 
was reduced by tyrosine and tyramine, presumably by oxidation 
of their OH groups. From these experiments it is suggested that 
tyrosine may be one of the active groups of the toxin, destroyed 
by ketene by action on its NH: group and nitrous acid, by prophy- 
rindin and ketene by action on its OH group. 

Carpenter and Barbour (25) reported that the toxins from 
Staphylococcus aureus and Clostridium welchii were inactivated by 
treatment with sulfanilamide. Neither sulfanilamide nor the 
oxidation product obtained by treatment with ultraviolet light 
had any effect on the activity of scarlet fever toxin (Table IV). 

Effect of Pepsin and Trypsin—Contradictory reports have been 
published on the effect of trypsin on the activity of scarlet fever 
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toxin. Huntoon (26) states that the toxin is destroyed by trypsin, 
but Kodama (2) on preparing his toxin submitted the solution to 
the action of trypsin to hydrolyze the protein impurities. To 
test the effect of trypsin under optimum conditions for the activity 
of the enzyme, toxin solutions in 0.01 m Na,HPO,, containing 1 
mg. per ce., were incubated at 38° with trypsin (0.13 mg. of active 
powder per cc. of toxin solution) for 3, 6, 9, 24, and 48 hours. 
At the end of the incubation period the solutions were neutralized 
with 0.01 m KH.PQ,, diluted, and tested. When the incubation 
period was extended to 48 hours, more trypsin was added after 
24 hours incubation.? In no case did trypsin destroy the activity 


TaBLe V 
Effect of Pepsin and Trypsin on Activity of Scarlet Fever Toxin 
Incubated at 38°. 





Substance | pH | oe Size of skin reaction 
Ars. mm. 
Control...... te evitiekh At 12 35 X 25 (bright) 
Pepsin..... ee ae 3.01 6 20 X 20 a 
hatred | 3.01 12 3x25 “ 
Control........... ee ei 15 X 10 (faint) 
eee Aes || Pate * oe ele) ii 
Control...... oA 8.5 24 +| 35 X 30 (bright) 
Trypsin..... bash xtad 8.5 24 38 X 22 " 


of the toxin. The same results were found when pepsin was used 
as the proteolytic enzyme. The experiments were performed at a 
pH value optimum for enzyme activity, namely 3.01 (Table V). 
Isoelectric Point of Scarlet Fever Toxin—The electrophoretic 
mobility of the scarlet fever toxin was determined with Theorell’s 
cataphoresis apparatus for test purposes (27) at 3.5° to avoid any 
danger of convection currents. The current intensity was kept 
at 5 milliamperes and the experiments terminated at the end of 
3 hours. The toxin, dissolved in the buffer solution, was in- 
troduced in the U part of the apparatus, leaving five cells in both 
branches of the apparatus free for migration of the toxin. At the 
end of the experiment, the rubber disks were moved so as to 


?In these experiments, trypsin and pepsin solutions were previously 
tested for skin reactions and were found to give negative reactions. 




















Barron, Dick, and Lyman 275 


separate the different cells; the fluid of the cells was pipetted off, 
and the nitrogen content determined. After neutralization, 
dilution, and filtration, the skin tests were performed with the 
contents of each cell. The electrophoretic mobility of the toxin 
was studied at five pH values (Table VI), 4.56, 5.24, 5.76, 6.08, 
6.98. (The pH values quoted here are those calculated from 
measurements made at 25°, and by the use of the temperature 
coefficients given by Clark (28).) The toxin migrated towards 


TaBLe VI 
Electrophoretic Mobility of Scarlet Fever Toxin As Determined with Theorell’s 
Cataphoresis Apparatus 
T = 3.5°, + = positive test for toxin activity, — = negative test for 


toxin activity, U = mg. per cent of Nz remaining in the U part of the 
cataphoresis apparatus. The figures represent mg. per cent of N; in the 
cell. 








Anode Cathode 
SS gecmpn U 
. Cell | Cell | Cell | Cell | Cell | Cell | Cell | Cell | Cell} Cell | Cell | Cell 
1 2 3 4 5 6 1 2 3 4 5 6 


0.7 |0.31/0.24) 0.13) 0.19) 0.25) 2.96 


4.56 |2.94]2.45] 1.94] 2.02] 1.56] 1.48 
+/+}+}]+]/+]+]-/-|-|-|-|-]- 
5.24 |1.48|0.33| 0.25] 0.25] 0.25] 2? {2.0'/1.48/1.38) 0.62) 0.25] 0.25] 3.1 
+/+} —-]}4+]4+]-]-]-|]-|-|]-]-|- 
5.76 |1.06]0.19] 0.19] 0.31] 0.51] 0.29/2.02/1.94/2.90| 2.10] 0.41 2.54 
+/-|-}-]}]-| -|4+]4+]4]}] 4] 4] - 
6.08 |1.02|0.17| 0.15] 0.06] 0.15] 0.05]2.94]1.94]0.81] 0.32] 0.18] 0.32] 3.05 
+/+|/-|}-|-|-|+]4+]+ -|- 


6.98 }0.73)0.38) 0.11] 0.31) 0.25) 0.13/3.56/1.84/1.3 | 0.71) 0.48) 0.78 
-j}-|-|-|-|-|+]4+]4+]4+]4]- 












































the cathode from pH 5.76 on, and towards the anode from pH 
5.24 to greater acidity. At pH 5.24, when the toxin migrated to 
the anode, some nitrogenous impurity migrated in the opposite 
direction, towards the cathode. At pH 5.24 and 4.56, when the 
toxin migrated to the anode, the average N content of the cells 
was 2.66 per cent, while the N content of the cells in the cathode 
branch, with no toxin, was 1.94 per cent. Electrophoresis of the 
toxin at pH 5.0 will therefore allow further purification of the toxin, 
for it will withdraw this nitrogenous impurity. Experiments in 
this direction are in progress. 
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The isoelectric point of the toxin, as determined by calculation 
of the ionic mobility from the data given in Table V was 5.55 (Fig. 
1). This value is different from that given by Shinn (29), who 
reported it to be between pH 7.0 and 7.5; his experiments were 
carried out without proper control of the conditions necessary to 
perform electrophoretic studies, conditions studied carefully by 
Tiselius (30). 

Ultrafiltration of Scarlet Fever Toxin—-To estimate roughly the 
size of the scarlet fever toxin, the ultrafiltration of toxin solutions 
through graded collodion membranes was performed. The 
membranes were prepared according to the methods described by 





+2L 





4 


41 











pH 5 6 
‘Fie. 1. Isoelectric point of scarlet fever toxin. Temperature, 3.5°. 
Ordinate, ionic mobility X 10°; abscissa, pH values. 


Elford (31) and Bauer and Hughes (32) in a room kept at constant 
temperature and humidity (24° and 60 to 65 per cent relative 
humidity) ; the degree of humidity was diminished to that existing 
in the room for the preparation of membranes of small pore size. 
The membranes prepared from parlodion manufactured by the 
Mallinckrodt Chemical Works were similar in property and size of 
pores to those described by Bauer and Hughes. The average 
pore size of the membranes was calculated by an application of 
Poiseuille’s law governing the passage of water through a capil- 
lary tube.* To test these membranes the following protein solu- 
tions of varied molecular weight were used: hemoglobin, prepared 
according to the method of Sidwell et al. (33), myoglobin, according 


* For the equations used to calculate the pore size of membranes, see 
Bauer and Hughes (32). 
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to the method of Theorell (34), cytochrome c,‘ according to the 
method of Keilin and Hartree (35), clupein, purchased from The 
British Drug Houses, Ltd. Filtrations were carried out under a 
pressure of about 780 mm. of Hg, the filter being connected to a 
nitrogen tank. The toxin filtered through all the membranes that 
let hemoglobin (mol. wt. 68,000), carbon monoxide myoglobin 
(mol. wt. 17,500), and cytochrome ¢ (mol. wt. 13,000) pass 
through; moreover, it filtered through a cellophane membrane 
with a pore size less than 1 mg. The toxin did not filter through 


TaBie VII 
Ultrafiltration of Scarlet Fever Toxin 
The size of the control reaction was 40 X 35 mm., bright. 























| CO myo-| Cyto- : 
Avore’” | 68.000 | @obin, | chrome c, | CURT | Toxin, size of skin renction 
diameter | mol. wt. mel. ot. | anal. ot. mol. wt. 
mya mm. 
11.6 | +++ | +++ | +++ | +++ | 42 X 40 (bright) 
39.2 +++) +++) +++) +++) 3x30 “ 
16.3 | +++) +++) 4+++/+++) 6x28 “ 
8.4) +++/+++/+++/4+++|) 0x2 “ 
81) O | +++] ++ | +++] Bx2 “ 
2.1 0 0 + +++ | 27 X 18 ¥ 
1.3 0 0 0 +++ | 20 X 25 (medium bright) 
° 0 0 0 +++ | 30 X 20 (faint) 
t 0 0 0 | +++ | Negative 








*Cellophane from casings. 
¢ Cellophane No. 600. 


cellophane No. 600 although clupein (mol. wt. from 2000 to 4000) 
did (Table VII). We are well aware that the ultrafiltration 
method through collodion membranes, even if the membranes 
were of uniform pore size, can be applied only to molecules of 
spherical or globular configuration and to substances that are 
not adsorbed by the membrane. However, since the toxin passes 
through membranes that retain cytochrome c, while it does not 
pass through membranes which let clupein through, the evidence 
is strong in favor of the assumption that the scarlet fever toxin 


‘ Care was taken to perform the ultrafiltrations at hydrogen ion concen- 
trations optimum for non-adsorption by the membranes. 
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is a small protein with a molecular weight less than that of cyto- 
chrome ¢ (13,000) and perhaps more than that of clupein (2000 
to 4000). It may be recalled that the molecular weight of diph- 
theria toxin is about 72,000 (Lundgren, Pappenheimer, and Wil- 
liams (36)) and that of crotoxin about 33, 000 (Slotka and 
Fraenkel-Conrat (37)). 

Some Components of Scarlet Fever Toxin—Dick and Boor (4) 
reported that the purified toxin used in these experiments con- 
tained 11.83 and 1.04 gm. per cent of nitrogen by formol titration, 
i.e. free amino nitrogen. Korschun ef al. (38), who prepared a 
toxin by alcohol precipitation, reported a total nitrogen content 
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Fic. 2. Color intensity of toxin solutions with the orcinol method after 
warming at different times. Abscissa, time in minutes; ordinate, extine- 


_ tion measurement; Curve I, readings with Filter 847; Curve 2, readings with 


Filter 853. 


of 10.02 per cent and Stock (39) in a preliminary note reported a 
total nitrogen of 7 per cent. Undoubtedly, Stock was dealing 
with a substance not identical with the scarlet fever toxin as 
previously defined, since he found no free amino nitrogen, while 
the toxin as prepared by Dick and Boor (4), Korschun (38), and 
Veldee (40) does contain free amino nitrogen. As found by 
Korschun et al. (38), the toxin gave a red color with the biuret 
reaction, an indication that there is a peptide linkage and that 
the length of the peptide chain is small. It gave a positive Millon 
test, an indication of the presence of tyrosine in the molecule, and 
a faintly positive Hopkins-Cole test. It also gave a strongly 
positive Molisch reaction. 

For the determination of the carbohydrate content, two methods 
were used: (1) titration with copper with the micromethod of 
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Somogyi (41) after previous digestion for 3 hours with 5 Nn H,SO, 
(see Lyman and Barron for the details of the procedure (42)), and 
(2) the colorimetric orcinol method of Sgrensen and Haugaard 
(43) as modified by Hewitt (44). The carbohydrate content by 
the first method was 1.54 gm. per cent; by the second method, 1.43 
gm. per cent. On measuring the extinction coefficient of the blue 
solutions obtained after heating the toxin with the orcinol reagent 
at different intervals of time, the curve obtained with Filters 847 
and 853 of the Zeiss Pulfrich photometer was similar to that re- 
ported by Sgrensen (45) for mixtures containing 3 parts of mannose 
and 1 of galactose (Fig. 2). The carbohydrate content of human 
serum is 3.2 per cent; that of horse serum, 2.4 per cent; of albumin, 
1.08 per cent; of seroglycoid, 8.4 per cent; of ovomucoid, 20 per 








Taste VIII 
Some Components of Scarlet Fever Toxin 
Substance Gm. per cent 
Total nitrogen (Kjeldahl).. ee Ste Te. 11.33 
Nitrogen (formol titration)... os _ eae 1.04 
Total carbohydrate (copper titration). PE ate .| 1.54 
“= (oreinol, colorimetric)............ 1.43 
Glucosamine (colorimetric)........................... 0.73 





cent (Hewitt (46)). Thus the carbohydrate content of toxin is 
as low as that of proteins with the lowest carbohydrate content. 

The glucosamine content of the scarlet fever toxin was also very 
low, 0.73 gm. per cent. The toxin, dissolved in 4 nN HCl, was 
subjected to 8 hours hydrolysis in a sealed tube in a boiling water 
bath. After neutralization, the determination of glucosamine 
was performed in a Zeiss Pulfrich photometer with Filter 853 
by the colorimetric method of Elson and Morgan (47) modified 
by Hewitt (46). These low figures for carbohydrate and glucos- 
amine content differ radically from Stock’s preliminary report (39) 
on the erythrogenic toxin of Streptococcus scarlatinae in which it is 
stated that his substance contained large quantities of carbo- 
hydrates and glucosamine. 

Since the toxin contained no phosphorus (no color reaction was 
obtained when the determination of total phosphates was at- 
tempted by the colorimetri¢ method of Whitehorn (48)), it may be 
concluded that no nucleoproteins exist in the toxin (Table VIII). 
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DISCUSSION 


From a study of the chemical properties of scarlet fever toxin 
described in this paper, namely the nitrogen content, the presence 
of free amino nitrogen, the resistance to high temperatures and to 
wide changes in the hydrogen ion concentration, the precipitation 
by high concentrations of ammonium sulfate, the color of the 
biuret reaction, and the passage by ultrafiltration through col- 
lodion membranes which do not let cytochrome c through, it is 
logical to conclude that the toxin is a protein of small molecular 
weight. The toxin is not only resistant to heat and to changes of 
pH value, but also to the action of active proteolytic enzymes 
such as pepsin and trypsin. The loss of activity of the toxin by 
brief treatment with ketene, nitrous acid, and iodine in neutral 
solutions is good evidence in favor of the theory that the activity 
is related to the presence of amino groups in the protein molecule, 
amino groups which are destroyed by these agents. As porphyrin- 
din had been used for the estimation of certain mercaptans and of 
the sulfhydryl groups of certain proteins, the destruction of toxin 
activity by this reagent made it necessary to conduct a series of 
experiments with substances known to combine either with 
sulfhydryl or the disulfide groups. When none of these substances 
destroyed the activity of the toxin, it was found that porphyrindin 
was readily reduced by tyrosine, tyramine, and to some extent 
by tryptophane. Porphyrindin must therefore be rejected as a 
reagent for the detection of sulfhydryl groups of proteins, and the 
inactivation of the toxin by the dye may be attributed to its action 
on the OH group of tyrosine. (The positive Millon and Hopkins- 
Cole reactions in toxin are indicative of the presence of tyrosine 
and tryptophane in the toxin.) 

The experiments on the electrophoretic mobility of the toxin are 
further evidence of its protein nature, for whether the toxin was 
made to migrate to the anode or to the cathode branch of the 
cell, a large portion of the nitrogen was retained in the active 
material. By assuming that the pure toxin contains 10 per cent 
nitrogen, it is calculated from these electrophoretic experiments 
that the material is 35 per cent pure. Since at pH values some- 
what lower than those of the isoelectric point of the toxin (pH 
5.55 at 3.5°) the protein impurity migrates towards the cathode 
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branch of the cataphoresis apparatus, there is here an easy method 
for further purification of the toxin. 

The low carbohydrate and glucosamine content of the toxin, as 
well as the absence of phosphorus, speaks against considering it as 
a conjugated protein. 

SUMMARY 

Scarlet fever toxin is very resistant to the action of high tempera- 
tures (up to 100° for 15 minutes), wide variations in the hydrogen 
ion concentration (from pH 1.08 to 11.01), proteolytic enzymes 
(pepsin and trypsin), and a number of oxidizing and reducing 
agents. Its activity is destroyed by substances known to react 
with amino groups, such as ketene and nitrous acid. Evidence 
has been presented to support the view that inactivation produced 
by iodine and porphyrindin is also due to reaction with amino 
groups. From ultrafiltration with membranes of graded porosity 
it is concluded that the toxin is a protein of small molecular 
weight, between 13,000 and 4000. The isoelectric point of the 
toxin is 5.55 at 3.5°. As the carbohydrate and glucosamine 
content of the toxin is very low, and there is no phosphorus, it is 
concluded that the toxin is not a conjugated protein. 
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The work reported herein extends previous work dealing with 
the regulation and changes in the intestinal reaction and their 
effect on calcium absorption and subjects it to a detailed experi- 
mental analysis (5-7). The points of particular interest were 
(a) the effect of acidity on the absorption of calcium, (b) the effect 
of concentration on the absorption of calcium, (c) the mechanism 
of the control of intestinal reaction, and (d) the basis of calcium 
chloride acidosis. It appears that acidity alone does not increase 
calcium absorption. Other things being equal, more calcium is 
absorbed from concentrated than dilute solutions. The pH of 
alkaline solutions is quickly lowered below the initial point, partly 
by an influx of carbon dioxide. The rapidity of the adjustment of 
acid values depends upon the buffer strength of the solution in- 
volved. Water and salts pass in either direction through the 
intestinal wall to alter the osmotic pressure of the intestinal con- 
tents (3, 4, 9). 


Methods 


All experiments have been performed on dogs with Thiry-Vella 
fistulae. All of the intestinal loops were motile and apparently 
well nourished throughout the course of the work, and no change 
in absorptive activity was apparent. To all appearances the 
sections of the intestine had a normal blood and nerve supply and 


* Aided by a grant to the Vanderbilt University School of Medicine 
from the Division of Medical Sciences of the Rockefeller Foundation. 


283 











284 Intestinal Reaction and Ca Absorption 


were in an environment normal except for the absence of frequent 
passages of the products of digested food and secretions from the 
intestine above them. 

The procedure finally adopted after many variations had been 
tried was as follows: After preparation, the loop of the gut was 
washed out daily with normal saline solution for about 2 weeks or 
until healing was complete. During an experiment the animal was 
confined on its back in a V-shaped animal stand. A perforated 
leather belt, passed about the body, held in place in the openings 
of the fistula 1-holed tapered stoppers through which passed 
catheters by which fluid entered and left the loop. This device 
effectually sealed the openings of the fistula and prevented loss 
of fluid by leakage. The catheters were joined in a closed circuit 
to a du Noiiy pump, a condom, and a series of glass sampling 
tubes each having a volume of 12 cc. Thus, fluid could be cir- 
culated through the loop without changing its pressure. The 
condom served as a reservoir which, lying flat on a table, permitted 
change in volume of the fluid without significant change in the 
hydrostatic pressure of the system. The sampling tubes could 
be removed from the circuit and the volume of the solution altered, 
by absorption or secretion, without affecting the hydrostatic 
pressure in the loop, the latter being reduced to a minimum since 
the whole system rested in a horizontal plane on a table held at 
‘the level of the loop. 

The results herewith reported were secured with four dogs, two 
having fistulae in the jejunum and two in the lower ileum. 

Solutions of a single salt, either calcium chloride or calcium 
lactate, were circulated through the loop. For one series of 
experiments alkaline solutions adjusted to a pH of 7.0 to 7.5 
with calcium hydroxide were used. For another series, acid 
solutions were used whose reactions were adjusted to pH 4.1 to 
5.5 by means of the appropriate acid, either hydrochloric or 
lactic. In each of the series there were three concentrations, one 
hypotonic, in which the freezing point varied from —0.237° to 
—0.488°, and another hypertonic, with a freezing point of 0.680- 
0.790° below 0; the third, the isotonic solution, was adjusted pre- 
sumably as nearly as possible to freeze at —0.571°, but actually 
the freezing points varied from 0.520—-0.580° below 0. The cal- 
cium content of the solution varied from 99 to 178 milliequivalents 
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per liter for the hypotonic, 175 to 224 for the isotonic, and 310 to 
499 for the hypertonic solutions. Each experiment continued for 
3 hours. 

pH was measured by the colorimetric method, the quinhydrone 
electrode, or the glass electrode, whichever was more convenient. 
Calcium was determined by precipitation as the oxalate and titra- 
tion with permanganate and the amount of lactate by the method 
of Friedemann and Kendall (2). Total base was determined by 
the benzidine sulfate method and chloride by Van Slyke’s modifi- 
cation of Volhard’s method (8). 


Results 


Changes in Water Content—The changes in water contents and 
the freezing point depressions in experiments with two dogs are 
illustrated in Table I. In each instance two determinations are 
given to indicate the range in values obtained. The figures repre- 
sent the actual volume of solution introduced into the loops, the 
volume remaining at the end of the experiment, and the difference 
calculated in cc. per liter of the original solution. 

In general, hypotonic solutions lost water and hypertonic solu- 
tions gained water. Marked changes in water content of isotonic 
solutions were associated with concomitant changes in salt content, 
as is illustrated by the figures in Table II. These figures are taken 
from two experiments selected because the changes in freezing 
point depression are identical although the variations in salt and 
water content are pronounced. 


Changes in Cation and Anion Concentrations 


The observed changes in concentration were due, of course, to 
two factors, gain or loss of (1) water and of (2) solutes. The 
results have been analyzed from this standpoint, as illustrated by 
Table III. Similar calculations gave the corresponding values 
for the other constituents. Because carbon dioxide and cation 
other than calcium were present in the original solution only in 
small amounts, if at all, the changes in those ingredients due to 
dilution were usually nil. Absorption of water from the gut 
would, of course, result in an increase in concentration of solutes, 
giving the appearance of their secretion or diffusion into the loop. 

In Chart I are shown the averages of approximately 70 experi- 
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ments on four dogs with calcium chloride solutions and 50 experi- 
ments on three dogs with calcium lactate solutions. There were 
































Tas_e II 
Changes in Composition of Two Isotonic Solutions of CaCl, during 3 Hours 
in Loop 
Concentration | Difference 
Initial | Final | Found | eee | feat 
Dog 1 
Volume, cc. | 1000 | 1005 | 5 | | 
Freezing point depres- | —0.520| —0.510 | +0.010 | | 
sion, °C. | | 
Total cation other than | 6.3 | 18.9 +12.6 | —0.1 | +12.7 
Ca, m.eq. per l. | | | 
Ca, m.eq. per l. 235.3 | 214.0 | -21.8 | -1.2| -20.1 
Sum,“ “ “ 241.6 | 232.9 | -8.7 | -1.8| -7.4 
} 
ado“ « « | 2.0 | 2008 | -1.2 | -1.1] -0.1 
a | 1.4 | 5.5 | +4.1 | 0.0| +4.1 
Sum, “ “ “ | 212.4 | 215.3 | +2.9 | —L.1 | +4.0 
Dog 2 
Volume, ce. , 1000 1367 367 | | 
Freezing point depres- | —0.580| -—0.570 | +0.010 | 
sion, °C. | 
Total cation other than | 13.0 | 57.6 | +44.6 | -3.5/| +48.1 
Ca, m.eq. per l. | 
Ca, m.eq. per I. 265.3 | 179.0 | -86.3 | —71.2| —15.1 
heat lla 278.3 236.6 —41.7 —74.7 | +33.0 
a oe 243.0 | 198.0 —45.0 —65.4 | +25.4 
ae (ee FF ae oe SS +21.1 —0.2 | +21.3 
are, ¢ * 243.6 | 219.7 —23.9 —6§.6 | +46.7 

















* Changes in original concentration with increase in volume due to 


water only. 
t Changes in original concentration due to gain or loss of solute. 


variations of considerable magnitude among the individual deter- 
minations but the averages as shown indicate clearly the qualita- 
tive trend in the results. 
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In the calcium chloride solutions the consistent and outstanding 
changes were (1) the absorption of calcium (usually in quantities 
which were greater, the greater the concentration or the acidity of 
the original solution), (2) the secretion of cation other than calcium 
in amounts approximately equal to or greater than the calcium 
absorbed, (3) the secretion of bicarbonate in quantities less than 
the cation, and (4) secretion or absorption of chloride (depending 
roughly on the concentration of the original solutions) in amounts 
usually insignificant in magnitude but always smaller than the 
amounts of calcium involved. From the standpoint of the 








Taste III 
Changes in Cation and Anion Concentrations 
ce. ce. 
Volume of solution introduced into system...... | 182.0 
-. © 9 in system at end of experiment...| 143.0 
Removed in samples ' pre 60.0 | 
Total final volume... ms pare i -0 
Change....... iat | +21.0 
| m.eq. per l. | ™.e9. per l. 
Calcium content of original solution..................| 313.0. | 
Calculated final concentration if gain in fluid i is due to | 
eg ep _..| 281.0 
Difference due to dilution... RPO sae —32.0 
Actual observed final concentration.................. | 297.8 
- “change... ares | —15.2 
Difference due to gain of als dl ely seal | +16.8 





acidosis-producing tendency of calcium chloride. solutions these 
observations are important because they show that a preferential 
absorption of chloride ion does not occur and that an actual loss 
of cation does take place by secretion into the intestine and its 
replacement by calcium which may be promptly excreted in the 
urine. The mechanism of calcium chloride acidosis thus appears 
to be a driving out of other cations by calcium. For this ex- 
planation to be valid one must assume, of course, that the cation 
secreted into the intestine is excreted before it can be reabsorbed. 

In the case of calcium lactate both calcium and lactate are 
absorbed, roughly in the order of the concentration of the original 
solutions. Whereas more calcium than chloride was withdrawn 
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from the calcium chloride solutions, the opposite was apparent 
with the lactate solutions from which quantities of lactate greater 
than or at least equal to those of calcium were withdrawn. Cations 
other than calcium, chloride, and bicarbonate were all secreted 
into the intestine and in the case of the cation and chloride, in 
approximately constant and equivalent amounts irrespective of the 
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Cuart I. Cation-anion changes in calcium chloride and calcium lactate 
solutions during 3 hours retention in loops. 


concentrations and reactions of the solutions (1). Approximately 
equal quantities of bicarbonate were found in the three alkaline 
solutions, while almost none accumulated in the acid solutions 
whose reactions did not rise above about pH 5.3. The net effect 
of all these changes on the acid-base balance of the body would be 
small, since the absorbed calcium and lactate would be rapidly 
removed by excretion in the urine and combustion respectively, 
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while the loss of cation other than calcium into the intestine is 
about balanced by the loss of chloride. 

, Changes in Hydrogen Ion Concentration (Table IV)—It has 
previously been found that approximately isotonic solutions of 
calcium and sodium chlorides attain in a short time a fairly 
definite, constant reaction which is characteristic for different 
portions of the intestine (5). One would anticipate from that 
work that the contents of the sections of the gut used in the present 
studies would attain final reactions of about pH 6.8 and pH 7.2. 
Actually the mean values for all solutions except the acid lactates 
were pH 6.88 and 7.02 for the jejunum and ileum respectively, a 
difference which is statistically significant. The acid lactates were 
omitted because they apparently never reached a constant maxi- 


























TaB_e IV 
Average Values for pH C Changes in 3 Hours 

Acid | “Alkaline 
Type of eolution | ate | Lactate | Chloride | Lactate 
Initial Final Initia | Fina iia MR | Pn [Initial mn | Fa 
Hypertonic......| 4.4| 7.0/ 4.3| 4.5/7.4|6.5/6.8| 7.2| 6.9 | 7.3 
Isotonic..........| 4.3 | 6.9 | 4.6 | 5.1| 7.4| 6.6 | 6.8 | 7.2| 6.8 | 7.4 
‘Hypotonic.......| 4.3 6.9 | 4.5 | 5.3 | 7.5 | 6.5 | 6.9 7.1) 6.7 | 7.2 











mum. Their original reaction of pH 4.5 to 5.0 changed but little, 
presumably because these solutions were not far from the point of 
their maximum buffer capacity. 

All alkaline solutions showed the remarkable phenomenon of a 
prompt decrease in pH to values in the acid range. In the case of 
the chloride this drop was considerable, going below pH 6.0 in 
some cases. This was followed by a slow return to higher figures, 
which, in the case of the lactates were frequently above the initial 
ones. As far as we know, this has never been observed before. 

The initial step in the neutralization of alkali in the lactate solu- 
tions was an influx of carbon dioxide. This phenomenon was not 
apparent in the chloride solutions. Since in both types of solution 
there was a rapid decrease in pH, some other factors must be 
operative. At least a plausible explanation may be found in the 
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assumption that something in the gut, perhaps the secretion from 
the intestinal walls, reacts with calcium to precipitate or neu- 
tralize it. The subsequent slow adjustment that takes place is 
then brought about by the other agencies which produce similar 
pictures in acid solutions. 

The fact that the intestinal contents tend to attain definite 
reactions which are characteristic for different levels of the intes- 
tinal tract is in itself proof that the intestinal contents do not 
reach the reaction of the blood, the approximate range of the 
reaction of the intestinal contents being from pH 6.5 to 8.0. 

As has been pointed out before (7) the acidity of the intestinal 
contents is not the dominant factor in calcium absorption. With 
calcium chloride solutions more calcium was absorbed from the 
acid than from the alkaline solutions but the opposite was true 
for the lactates. This occurred in spite of the fact that the pH 
of the acid chlorides rose rapidly to approximate neutrality, while 
the lactates remained at about pH 5.0. 


SUMMARY 


Experiments are described in which solutions of calcium chloride 
and calcium lactate of known compositions were circulated for 3 
hours through Thiry-Vella fistulae in dogs. They were analyzed 
at the end of the period. The changes in composition indicate the 
following conclusions. 

Water and salts passed back and forth in either direction 
through the intestinal wall to bring the intestinal contents into 
approximate osmotic equilibrium with blood. 

Concentrated, acid solutions of calcium chloride yielded the 
most calcium to the body. Acidity did not increase the absorp- 
tion of calcium from lactate solutions, but the amount absorbed 
did increase with their concentration. Thus, the particular salt 
of calcium involved, as well as the acidity of the solution, is of 
importance in determining the amount of calcium absorbed. 

Alkaline solutions quickly became acid. In lactate solutions 
this was accompanied in part at least by an inflow of carbon diox- 
ide but some other mechanism was also involved. They were 
ultimately brought to the normal reaction of the section of the gut 
in which they were placed. The reaction of acid lactate solutions 
of pH 4 to 5 was only slightly altered during 3 hours. 
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The acidosis of calcium chloride is not due to the selective ab- 
sorption of chloride ion from the intestine but is apparently caused 
by a displacement of other cation by calcium whose subsequent 
excretion produces a deficit in total cation. 


We are indebted to the Department of Surgery of Vanderbilt 
University School of Medicine for the preparation of the intestinal 


loops. 
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Gurin, Bachman, and Wilson (1-3) have recently made im- 
portant contributions to our knowledge of the chemical nature of 
the gonadotropic hormone of pregnancy urine. They have given 
a method for the preparation of the hormone in a highly purified 
form and have described many of its outstanding chemical and 
physical properties. We have been especially interested in the 
reference of these authors to the unexplained, continuous, and 
apparently spontaneous inactivation of their highly purified 
material which takes place, particularly in aqueous solution, 
without detectable loss or rupture of certain portions of the 
molecule (3). 

Earlier communications (4-6) have called attention to our ob- 
servations relative to the oxidation and inactivation of a reducing 
factor of pregnancy urine which appears to be the chorionic 
gonadotropic hormone. Some of our more recent findings appear 
to shed light upon the observations of the above authors. The 
spontaneous oxidation of this reducing factor proceeds at a very 
slow rate but is more rapid in aqueous solution than in urine, 
where other stronger reducing agents tend to protect it. If 
activating agents are added and moderate heat is applied, the 
activity becomes of sufficient magnitude to bring about the re- 
duction of dilute solutions of iodine or other oxidants. The object 
of this paper is to describe some of the rather unusual character- 
istics of this oxidation-reduction system. 


EXPERIMENTAL 


Preparation of Reducing Material—The experiments described 
in this report were undertaken some time ago and consequently 
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the procedure employed to separate the gonadotropic factor from 
pregnancy urine differs somewhat from that presented by Gurin, 
Bachman, and Wilson (2, 3); that is, Katzman and Doisy’s method 
(7) was used with subsequent reprecipitation with acetone. 
Chilled protein-free urine of pregnant women was adjusted to 
pH 7.4 and the resulting precipitate was centrifuged and discarded. 
In this manner an appreciable amount of inert material was 
avoided at the outset. The urine was then acidified to pH 5 with 
glacial acetic acid and with vigorous stirring 75 cc. of acetone 
saturated with benzoic acid were added for each liter of urine. 
After the precipitate was centrifuged, it was washed three times 
with cold water saturated with benzoic acid and then with cold 
acetone to remove the benzoic acid. The acetone-insoluble frac- 
tion of the precipitate was repeatedly extracted with water at 
pH 7.4 and an equal volume of acetone was then added to the 
combined aqueous extract. The precipitate which formed at this 
point was centrifuged and discarded. After the pH of the acetone 
residue was adjusted to 5.0, the acetone concentration was increased 
to 70 per cent. The resulting insoluble fraction was centrifuged 
and again repeatedly extracted with water at pH 7.4. The frac- 
tional precipitation with 50 and 70 per cent acetone, detailed 
above, was carried out three times and the final precipitate was 


dried in a desiccator at 4°. The material so prepared assayed 


between 600 and 800 rat units per mg. 

Potentiometric Studies—In addition to a marked gonadotropic 
effect, the material separated from pregnancy urine in the above 
manner invariably possessed characteristic reducing properties. 
In order to aid in identifying the reducing factor and to study some 
of its fundamental oxidation-reduction properties, it was titrated 
potentiometrically with iodine and potassium ferricyanide as 
oxidants. 

In our earlier work potentiometric measurements were employed 
as a means of evaluating the efficiency of various methods of 
separating the pregnancy reducing factor from other urinary re- 
ducing substances (5). While these earlier studies aided in de- 
veloping methods of separation, it became evident that the first 
titration curves were somewhat displaced from their correct posi- 
tion on the oxidation-reduction scale. This was apparently caused 
by a reaction at the platinum electrode in the presence of hy- 
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drogen. When the platinum electrodes were plated with gold, 
more correct potentials were observed. 

The electrometric titrations were carried out in the usual 
manner. The solution to be titrated was placed in a conventional 
type of titration chamber to which the oxygen-free oxidant was 
introduced from a small sealed-in burette. In the work reported 
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Fic. 1. Electrode potentials. @ represents the pregnancy reducing 
factor; O international standard gonadotropin; X the calculated values 
for an oxidation-reduction system which depends upon a single electron 
reaction. 


here duplicate gold-plated platinum electrodes were employed 
and purified nitrogen was used to replace air in the apparatus. 
Before a titration was started, the entire sealed apparatus was 
repeatedly evacuated and flushed with nitrogen, with the solutions 
in place. The titration vessel was immersed in a water bath which 
was maintained at 38°. It was customary to titrate 5 mg. of the 
gonadotropic preparation dissolved in 10 cc. of m/15 S@rensen’s 
phosphate buffer having a pH of 5.9. 
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The relation of electrode potential, Z,, to per cent oxidation 
is given in Fig. 1, which shows the potentials observed in the titra- 
tion of the pregnancy reducing factor prepared as described above, 
the values observed in the titration of gonadotropin (international 
standard), and the calculated values for an oxidation-reduction 
system which depends upon a single electron reaction and which 
has an E» value equivalent to that represented by the mid-point 
in the titration curves. It appears that the same reducing agent 
is present in the two preparations and that the Z»y is +0.354 volt 
at 38°. In view of these findings and the constant association of 
this potential reducing property with preparations of the chorionic 


TABLE I 
Relation between Reaction Rate and Buffer Salt Concentration 











B wee ty 5 mg. Time required to decolorize 5 cc. 0.0005 w iodine at 38° 
mg. 
0 18 __s hrs. 
4.6 340 min. 
9.3 120 oy 
18.6 SS 
27.9 | A 
37.3 4.3% *“ 
46.4 46 °° 
92.9 | oe «a 
139.3 | 40 « 





* Prepared in a ratio of 9 moles of KH,PO, to 1 mole of Na,.HPO, (pH 5.9). 


gonadotropic hormone, and also since the urinary concentration 
of this factor has an unvarying relationship to pregnancy, it 
seems safe to conclude that the hormone itself or some substance 
always associated with it possesses reducing power. This is in 
agreement with Gurin, Bachman, and Wilson’s indication (2) 
that their highly purified material slowly reduces ammoniacal 
silver nitrate in the cold. 

Oxidation of Reducing Factor and Its Restoration—While many 
of the characteristics of this oxidation-reduction system are quite 
unusual, this fact in itself aids in differentiating the system from 
other reducing materials of biological origin. In aqueous solution 
it undergoes slow spontaneous oxidation. This oxidation can be 




















D. E. Bowman 297 


prevented by the addition of certain reductants. On the other 
hand, the oxidation is not greatly accelerated by the addition of 
strong oxidants unless the temperature is increased and phosphate 
buffer is present. The striking influence of the latter two factors 
will become apparent from an inspection of Tables I and II in 
which illustrative data are presented. The iodine titrations were 
made in the presence of 0.2 cc. of 2 per cent soluble starch (Merck) 
prepared according to Lintner. The reducing factor, buffer, and 
starch were adjusted to uniform volumes and heated to the desig- 
nated temperature before the iodine, which was warmed to the 
same temperature, was added. From Table I it will be seen that 
with 5 mg. of the material in the absence of S¢rensen’s phosphate 
buffer 18 hours were required to reduce 5 ec. of 0.0005 N iodine 


TaBe II 
Relation of Temperature to Rate of Reaction 





Time required for 5 mg. of preparation to 


Temperature reduce 5 cc. 0.0005 n iodine* 








8. | min. 


20 | 225 
30 | 30 
40 4 
50 0.5 





* In the presence of 50 mg. of Sérensen’s phosphate buffer salt (pH 5.9). 


at 38°. On the other hand, in the presence of phosphate buffer 
(pH 5.9) the reduction time was markedly reduced. It will be 
noted further that there is a limit above which further increase 
in phosphate has no added accelerating effect. The influence is 
presumably due to the phosphate ion, since with the substitution 
of sodium chloride or potassium chloride for the buffer (at the 
same pH, 5.9) no change in the reduction time was evident. From 
the data presented in Table II, it will be observed that in the 
presence of an optimum concentration of phosphate buffer the 
oxidation-reduction reaction is markedly accelerated by moderate 
increases in temperature. 

Since a time factor is involved in the reaction and because the 
presence or absence of phosphate has such a marked effect upon 
the oxidation-reduction reaction, consideration was given to the 
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possible influence of other chemical agents employed in the titra- 
tion. Potassium iodide is used to keep the iodine in solution. It 
was somewhat surprising to find that this salt retards the reaction 
rate. That this is true will become evident from an inspection 
of illustrative data given in Table III. Another surprising finding 
has been the effect of the soluble starch employed as an indicator. 
In the presence of starch the oxidation-reduction reaction is 
altered; and starch from several sources was found to behave 
differently. Thus, at equal concentrations, Kahlbaum soluble 
starch increases the rate of reduction about 3-fold over that ob- 
served with starch prepared according to Lintner, although neither 


Tasie III 


Time required to sotnes 5 ce. 0.0005 Nn iodine 
at 38° 





KI added to 5 mg. of preparation* 
| 


mg. | min 
0 $ 
0.14 5 
0.28 8 
0.56 12 
1.12 24 
1.68 24 
2.0 | 24 


* In the presence of 50 mg. of Sérensen’s phosphate buffer salt (pH 5.9). 
starch has any significant direct action upon the iodine. Just 
why such a difference exists is not entirely clear. 

Although a more desirable preparation of soluble starch may be 
forthcoming, starch prepared according to Lintner is recom- 
mended, because it appears to be uniform and is readily accessible. 
In order to maintain a suitable and a uniform iodine solution which 
contains very little excess iodide the 0.0005 N iodine can be con- 
veniently prepared by combining the following in order: 1 ce. 
of a stock potassium iodate solution (3.567 gm. of KIO; per liter 
of stock solution), 1 cc. of a stock potassium iodide solution (13.835 
gm. of KI per liter of stock solution), 15 cc. of water, 0.5 cc. of LN 
sulfurie acid, and, after thorough mixing, sufficient water is added 
to provide a total volume of 200 ce. 
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The hormone tends to become biologically inactive when al- 
lowed to undergo spontaneous oxidation or following oxidation by 
means of strong oxidants; and the decline in biological activity 
parallels the decreased ability to reduce iodine under standardized 
conditions. A finding which appears to be of considerable interest 
and of practical importance is that the biological activity can be 
restored by treatment with certain strong reductants. That this 
is the case becomes evident from the results of the following il- 
lustrative experiments. The reducing factor was separated as 
described above. An aliquot of an aqueous solution assaying 12 
rat units per cc. was heated, in the presence of phosphate buffer 
salt (pH 5.9), in a boiling water bath for 30 minutes. A relatively 
large surface was exposed to the air. After the solution was restored 
to its original volume, one-half was retained as a control and 
sufficient quinol was added to the other half to bring the con- 
centration to 1 per cent. 

10 per cent sodium hydroxide was added to the fraction con- 
taining quinol to bring the pH to approximately 8.5. After the 
material had stood for 30 minutes, the hormone was precipitated 
with 10 volumes of acetone at pH 5 and the precipitate was re- 
peatedly washed with acetone. The dried material was dis- 
solved in water and diluted to its original volume. 

The heated control assayed more than 4 and less than 6 rat 
units per cc., while the “restored” fraction gave a slightly stronger 
reaction than the original unheated control when injected in 
equal amounts. 

The reducing activity of the heated material as determined by 
iodine titration was a little less than one-half that of the original 
preparation, while the “restored’’ fraction was about 20 per cent 
stronger than the original preparation. 

In another characteristic experiment the biological activity of 
the gonadotropic substance obtained from boiled pregnancy urine 
was increased more than 4-fold by reduction with quinol. Thus, 
500 cc. of pregnancy urine were boiled for 1} hours in an open 
beaker. The original volume was restored and the gonadotropic 
factor obtained as described above. Part of the material so 
obtained was reduced with quinol and reprecipitated as described 
before. The material present in the non-reduced fraction was 
found to assay more than 125 and less than 250 rat units per liter 
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of the original urine, while the reduced fraction contained more 
than 1000 and less than 2000 rat units per liter of urine. The 
increase in reducing power as determined by iodine titration was 
similar in magnitude to the increase in biological activity. 

That non-pregnancy specimens are relatively free of the reducing 
factor which is characteristic of pregnancy urine has been observed 
repeatedly. The protein-free specimens from a large group of 
normal adult males and young non-pregnant female subjects were 
compared with similar specimens from a comparable group of 
women in early pregnancy. The gonadotropic substance was 
extracted from the urine and then brought to its maximum reducing 


TaBLe IV 
Relative Sirength of eragnaney and Non- Pregnancy Extracts 








| Time required to reduce 5 cc. 0.0005 x 








Specimen No. Sp. gr. iodine at 38° * 
- SS | 

113-A. Non-pregnancy 1.029 More than 4 hrs. 
113-B. | 1.028 | Senge 
113-C. ce 1.030 “ce ce 4 “ 
113-D. “ | 1.025 | * ie 
114-A. Pregnancy 1.028 | 8 min. 
4B, 1.025 | 8.5“ 

114-C. ” 1.019 | _ 

114-D. “ [ 1.030 if ie 





*In the presence 0 of 1 ce. of 0. 2 per cent soluble starch prepared according 
to Lintner. 


power by treatment with quinol according to the procedures de- 
scribed above. The relative reducing capacity of each preparation 
was estimated by determining the time required for 5 cc. of 0.0005 
N iodine to be reduced by the amount of material obtained from 
50 ce. of urine. Typical results are given in Table IV. 


DISCUSSION 


The results of the potentiometric measurements and the con- 
stant association of a reducing property with chorionic gonado- 
tropic preparations obtained from pregnancy urine or placental 
extracts strongly suggest that the reducing power can be attributed 
to the hormone itself... The FE» of this oxidation-reduction system 


1 Since this paper was prepared for publication, an opportunity has been 
afforded to study one of Gurin, Bachman, and Wilson’s preparations 
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as well as the indication that the reaction depends upon a single 
electron exchange leads to the belief that the oxidation-reduction 
activity may be due to a bound metal ion or a derivative of 
tyrosine. Work now in progress points quite definitely to the 
hydroxyl group of a moderately labile derivative of tyrosine as 
the group which undergoes oxidation. If this is the case, it would 
appear to be in accord with the findings of Li, Simpson, and Evans 
(8) who have pointed out that the potency of human chorionic 
gonadotropin decreases as the phenolic hydroxyls of the tyrosine 
of the protein molecule are acetylated. It does not appear that 
the reducing action referred to here can be attributed to a car- 
bohydrate group. 

An account of further work in which the reducing capacity of the 
hormone was used as the basis of the chemical diagnosis of preg- 
nancy will appear in a later paper. 


SUMMARY 


Studies of the oxidation-reduction characteristics of the chorionic 
gonadotropic hormone prepared by the benzoic acid method of 
Katzman and Doisy with subsequent reprecipitation with acetone 
have been made and may be summarized as follows: 

1. Potentiometric studies upon the material so obtained and 
upon gonadotropin (international standard) lead to the con- 
clusion that the oxidation-reduction properties can be attributed 
to the hormone itself. The Eo of the system (at pH 5.9 and 38°) 
is +0.354 volt and the potential curve indicates 1 electron 
exchange. 

2. The preparation undergoes slow spontaneous oxidation 
which can be inhibited by the addition of reductants and which 
is not accelerated appreciably by the addition of strong oxidants 
unless phosphate ion is present and moderate heat is applied. 

3. The biological activity which has been decreased by oxidative 
changes can be restored by treatment with strong reductants. 





through the kindness of Dr. D. Wright Wilson. This preliminary study 
indicates that the reducing property attributed to the preparation by these 
authors (2) is the same as that referred to in the present paper. The re- 
versibility of the oxidation and the conditions under which it is accelerated 
appear to bear this out. 
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In previous studies from this laboratory it was shown that 
phospholipid activity of the brain (as judged by the rate of de- 
position of labeled phospholipid after the administration of radio- 
active phosphorus) varies with the age of the growing rat (1, 2). 
The highest phospholipid activity was found in the new born rat. 
From birth until the time the rat attains a weight of 50 gm. a 
decline in phospholipid activity occurs in the entire central nerv- 
ous system. As growth proceeds beyond 50 gm., phospholipid 
activity decreases, but at a much slower rate than that observed 
between birth and 50 gm. Moreover, a dissimilarity was found 
in the activities of forebrain, cerebellum, medulla, and cord. Thus 
in the young rat the order of activity was cord, medulla, cere- 
bellum, and forebrain, the cord being about twice as active as the 
forebrain. By the time the rat attains a weight of 200 gm. the 
activities in the various divisions of the central nervous system 
are about the same. 

It seemed desirable at this time to determine the actual deposi- 
tion of total phospholipid, cholesterol, and fatty acids in the central 
nervous system of the growing rat. Although Koch and Koch (3) 
have recorded the lipid differentiation for the whole brain of the 
rat, the deposition of lipids in its various parts, namely cord, me- 
dulla, cerebellum, and forebrain, has not been previously investi- 


gated. 


* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and from the Research Board of the University of California. As- 
sistance was also furnished by the Works Progress Administration (Official 
Project No. 65-1-08-62, Unit A6). 
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EXPERIMENTAL 


The data recorded here were obtained from over 375 rats. 
Animals of the following weights were chosen for study: 5 gm. 
(new born), 15 gm. (1 week), 25 gm. (2 weeks), 30 gm., 50 gm., 
100 gm., 200 gm., and 300 gm. Within each group the weights 
of the animals varied by not more than 5 per cent except in the 
case of the new-born and of rats weighing 300 gm., in which cases 
variations of 10 per cent were permitted. 

The first three age groups were suckling at the time they were 
sacrificed for analyses. All others were maintained on the stan- 
dardized stock diet. 

Divisions of Brain—The manner in which the animals were 
sacrificed and the brains removed has been recorded elsewhere. 
The same divisions as those previously chosen for study with 
radioactive phosphorus were employed here; namely, forebrain, 
medulla, cerebellum, and spinal cord. Pools of these brain divi- 
sions were obtained from five to twenty animals; most of the pools 
from six rats. In the case of the rats weighing 5 and 15 gm., it 
was necessary to use several litters to obtain sufficient material 
for analysis. Each of the values recorded in Figs. | to 3 repre- 
sents the average of six or more separate analyses, the results of 
which were in close agreement. 

Extraction of Lipids—The tissue was extracted for | hour with 
95 per cent alcohol at 55-60°. The alcohol was then decanted and 
the residue ground with clean sand. The ground residue was then 
subjected to two further extractions with 95 per cent alcohol, 
each for 2 hours. The material was then transferred to a Soxhlet 
apparatus and extracted first with ethyl ether for 6 to 8 hours 
and then with petroleum ether for 6 to 8 hours. The alcohol, 
ethyl ether, and petroleum ether extracts were combined and con- 
centrated in vacuo at 55° to a volume of approximately 5 ce. in 
the presence of CO,. This concentrate was extracted three times 
in separatory funnels with 30 cc. portions of petroleum ether and 
made up to a total volume of 100 cc. 

Total fatty acids, phospholipids, and total cholesterol were 
determined in petroleum ether extracts. The oxidative procedures 
employed for the determination of these lipid constituents have 
been described elsewhere (4). Free cholesterol was measured on 
an acetone extract in which phospholipid had been completely pre- 
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cipitated. The details of this modification will be described else- 
where. 


Results 


Total Fatty Acids—The highest fatty acid content in the new 
born rat (5 gm.) was found in the cord and the lowest in the fore- 
brain (Fig. 1). The former contained 2 per cent fatty acids, the 
latter 1 per cent. Very little increase in this lipid constituent 
occurred in the brain at the next stage examined; namely, rats 
weighing 15 gm. Maximum deposition of total fatty acids was 
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Fic. 1. The deposition of total fatty acids in the brain of the rat. @ 
cord, ® medula, O cerebellum, @ forebrain. In the 5 gm. rat (new born) 
the cerebellum and medulla were combined for analysis and contained 
1.51 per cent fatty acids (average). 


found between the intervals represented by rat weights of 15 
(1 week old) and 30 gm. The total fatty acid content of the cord 
in the rat weighing 25 gm. (2 weeks) was twice that of the 5 gm. 
or new born rat; in the 50 gm. rat the content in the cord is double 
that in the 25 gm. animal. The brain continued to accumulate 
fatty acids until the animal attained a weight of 100 gm. Little, 
if any, change occurs thereafter in the percentage of this lipid cen- 
stituent in any of the divisions of the central nervous system 
examined. 

In the young as well as the adult rat, the fatty acids were not 
found uniformly distributed in the various parts of the central 
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nervous system. A characteristic order was maintained through- 
out: the cord contained the highest amount of fatty acids, the 
medulla the next highest, the lowest amount being in the cere- 
bellum and forebrain. In the 200 gm. rat these differences are 
quite marked: the cord contained 10.7 per cent fatty acids, the 
medulla 8.5, the cerebellum 4.5, and the forebrain 4.0 per cent. 
These differences in absolute amount are less striking in rats 
weighing 5 to 30 gm., although in the new born rat the cord con- 
tained twice as much fatty acid as the medulla. 
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Fie. 2. The deposition of phospholipid in the brain of the rat. @ cord, 
® medulla, O cerebellum, @ forebrain. In the 5 gm. rat (new born) the 
cerebellum and medulla were combined for analysis and contained 1.76 
per cent phospholipid (average). 


Phospholipid—The rate of deposition of phospholipid in all 
parts of the brain follows closely that of fatty acids (Fig. 2). 
Little increase occurred between 5 and 15 gm., while the most 
rapid deposition occurred between 15 and 30 gm. The phospho- 
lipid content in the spinal cord of the 50 gm. rat is twice that of 
the 25 gm. rat and 4 times that of the 5 gm. rat. The process of 
accumulation leveled off after a rat weight of 50 gm. had been 
attained. 

Marked differences in the phospholipid content of the various 
brain divisions were found throughout all age groups studied. 
Thus in the oldest animal studied the cord contained 10 per cent, 
the medulla 8.0, the forebrain 4.5, and the cerebellum 4.5. In 
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the 50 gm. rats, cord, medulla, cerebellum, and forebrain contained 
respectively 8.3, 6.8, 4.0, and 4.0 percent. The cord in the 1 week- 
old rat contained about twice as much phospholipid as the cere- 
bellum. 

Cholesterol—Significant amounts of esterified cholesterol were 
not found in the brain, an observation in agreement with previous 
findings (5). The results shown in Fig. 3 therefore represent 
free cholesterol. The characteristics observed for the accumula- 
tion of cholesterol in the brain were quite similar to those observed 
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Fic. 3. The deposition of cholesterol in the brain of the rat. @ cord, 
® medulla, O cerebellum, @ forebrain. In the 5 gm. rat (new born) 
the cerebellum and medulla were combined for analysis and contained 
0.51 per cent free cholesterol (average). 


for the other lipid constituents noted above. The most rapid 
deposition occurred between weights of 15 and 50 gm., the rate 
thereafter being greatly diminished. The cholesterol content of 
the spinal cord of the 25 gm. rat is about 2.5 times that of the 5 gm. 
rat, whereas the content of this lipid constituent in the 50 gm. rat 
is double that of the 25 gm. animal. The same order of content 
as found for total fatty acids and phospholipid was observed for 
free cholesterol. In the 300 gm. rat, 4.0, 3.0, 1.5, and 1.5 per cent 
cholesterol were present in the cord, medulla, cerebellum, and 
forebrain respectively. In the 50 gm. rat the parts contained 
3.0, 2.2, 1.2, and 1.3 per cent respectively. In the 2 week-old rat 
(25 gm.) the cord contained twice as much cholesterol as the fore- 
brain or cerebellum. 
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DISCUSSION 


The present study shows that throughout the development of 
the brain after birth the lipid composition of its various parts is 
not uniform. At all times from birth on, the cord contained the 
highest amount of all lipid constituents. The next highest 
amounts were found in the medulla. Cerebellum and forebrain 
were almost identical in their lipid composition, particularly after 
a rat weight of 30 gm. had been attained, and throughout their 
entire development were markedly lower in their lipid content 
than either cord or medulla. This lack of uniformity observed 


Tasie I 
Ratio of Phospholipid and of Free Cholesterol to Total Fatty Acids in Brain 


The arbitrary value 100 has been assigned throughout for total fatty 
acids and the other constituents are expressed as percentages thereof. 

















Cord Medulla | Cerebellum | — Forebrain 
Asinal | ———_———__|—_ —|——— 
wou Phospho-| Free | Phospho-| Free | phos | Free | phos. | Free 
| lipid | a _ liptd = | Pholipid — _pholipid by oe 
gm. | | | 
5 | % | 20 | | | | | 137 | 36 
is | 10 | 42 | 107 | 41 | 85 | 388 | 1400 | 3 
25 109 | 42 99 | 35 90 37 125 41 
30 | 11 | 35 | 98 | 32 | 106 | 39 | 100 | 2% 
50 9 | 35 | 102 | 34 | 117 | 38 | 115 | 3 
100 82 32 | 91 |.37 | 8 | 0 | 32 
200 91 | 3 | 8 | 33 97 | 30 | 101. 32 
300 102 | 48 98 36 97 32 112 37 





here for the rat brain has been previously recorded for the human 
brain by McArthur and Doisy (6). These workers, however, ob- 
tained a different distribution. The brain stem was only slightly 
higher in lipid content than the forebrain, while the cerebellum 
showed a much lower content than either brain stem or forebrain. 
These differences in the various divisions may be related to the 
relative amounts of white and gray matter, and in this connection 
it is of interest to note that much higher amounts of lipids have 
been repeatedly observed in white than in gray matter. Randall 
(7) has also shown that the white matter from various areas of 
the cerebrum contains lipid similar to that found in the whole 
brain stem, a tissue known to be high in white matter. 
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The order of myelination in the brain follows the order of 
phylogenetic differentiation (8, 9). Thus the cord is the first to 
show evidence of myelination, the brain stem next, and the cere- 
bellum andcerebrum last. It is of interest to note that the order 
of content of each of the lipid constituents studied here follows the 
above order of myelination, the highest content occurring in the 
division that myelinates first and the lowest in the part in which 
it occurs last. 

Table I depicts the relation of the phospholipid and the choles- 
terol content of the brain to its total fatty acid content in the vari- 
ous age groups studied. The amount of total fatty acids through- 
out has been assigned the arbitrary value of 100 and the other 
constituents expressed as percentages thereof. The values shown 
in Table I suggest that the pattern by which the various lipid 
constituents are deposited is maintained relatively constant. Thus 
in the spinal cord of the 15 gm. rat the ratios of fatty acid to phos- 
pholipid to free cholesterol are 100: 100:42, whereas in the 200 gm. 
rat these ratios are respectively 100:91:36. The medulla showed 
ratios of 100:107:41 in the 15 gm. rat and 100:86:33 in the 200 
gm.rat. In the case of the forebrain, higher ratios were obtained 
for phospholipid in the earlier age groups, but the values for choles- 
terol were similar to those observed in the other brain divisions. 


SUMMARY 


1. The deposition of cholesterol, phospholipid, and total fatty 
acids was studied in various divisions of the central nervous system 
(spinal cord, medulla, cerebellum, and forebrain) of the rat from 
birth till the time it attained a weight of 300 gm. 

2. In each part of the central nervous system, the maximum 
rate of deposition of these lipid constituents occurred during the 
time between birth and the time the rat attains a weight of 50 gm. 

3. Differences in lipid composition in all parts of the central 
nervous system were found. Throughout the entire period of 
observation, cord contained the highest amounts of cholesterol, 
phospholipid, and total fatty acids. The medulla was next in 
order. The lipid composition of cerebellum and forebrain at all 
periods studied was almost identical, and their lipid content was 
always lower than in either spinal cord or medulla. 

4. The pattern with respect to the amounts of cholesterol, 
phospholipid, and total fatty acids contained in each division of 
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the central nervous system from birth till full growth is maintained 
relatively constant. 


nw 
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THE DETERMINATION OF PYRUVIC ACID IN BLOOD IN 
THE PRESENCE OF ACETOACETIC ACID 


By DANIEL KLEIN 


(From the Metabolic Laboratory, Philadelphia General Hospital, 
Philadelphia) 


(Received for publication, August 30, 1940) 


The colorimetric methods for the determination of pyruvic acid 
(1-4) are based on the isolation of sodium pyruvate 2, 4-dinitro- 
phenylhydrazone and the reaction of the latter with strong alkali 
to form a red derivative. The corresponding hydrazones of ace- 
tone and acetoacetic acid also react in a similar manner with 
strong alkali (5). Case (1) reported that acetone is not measured 
in the determination of pyruvate. It has been found, however, 
as already reported by Lu (3), that with high concentrations of 
acetoacetic acid sufficient acetoacetate hydrazone remains intact 
to interfere with the accuracy of the determination. Thus precise 
measurement of pyruvic acid concentrations, when ketonemia 
exists, is not possible by present methods. 

The Peters and Thompson modification (2) of the Case method 
(1) has been further modified by the writer (6) to avoid this source 
of error. Subsequently, improvements suggested by the more 
rapid methods of Lu (3) and Bueding and Wortis (4) have been 
incorporated into the procedure. Interference by acetoacetic 
acid is overcome by allowing the ethyl acetate extract to stand 
overnight. Tungstic acid is substituted for trichloroacetic acid 
as the protein precipitant to prevent decomposition of pyruvate 
hydrazone during the prolonged standing period in ethyl acetate. 
The increased acidity of the ethyl acetate extract when trichloro- 
acetic acid is used causes a marked destruction of pyruvate 
hydrazone. 

While the specificity of the method for pyruvate has been 
improved by the modifications introduced, it should be realized 
that the 2,4-dinitrophenylhydrazones of other a-keto acids 
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possibly present in blood may form red compounds with strong 
alkali and will also be determined as pyruvate. The 2,4-dinitro- 
phenylhydrazones of oxaloacetic (5) and a-ketoglutaric acids 
have been found to react in this manner. “Pyruvate’’ is used 
therefore with the reservation that the substance measured may 
not be homogeneous. 

Reagents- 

27 per cent sodium iodoacetate solution. The pure salt is 
easily prepared from the acid (7). The solution is equivalent to 25 
per cent iodoacetic acid solution. 

n/12 sulfuric acid solution. 

10 per cent sodium tungstate solution. 

0.5 per cent 2,4-dinitrophenylhydrazine in 2 n hydrochloric 
acid. The acid is heated under a reflux condenser, the hydrazine 
is added, and the mixture is shaken until solution is complete. 
After reaching room temperature the solution is filtered. 

Ethyl acetate, reagent quality. 

1 per cent sodium carbonate solution. The anhydrous com- 
pound is used. 

4 wn sodium hydroxide solution. To prevent discoloration the 
solution is kept in a glass-stoppered Pyrex bottle. 


Procedure 


The pyruvate in the blood is first stabilized with iodoacetate 
(4). A tungstie acid filtrate is then made by the Folin-Wu- 
Haden procedure (8, 9). 10 cc. of the filtrate are transferred 
to a 60 ce. glass-stoppered Squibb separatory funnel and mixed 
with dinitrophenylhydrazine solution. 0.2 cc. of the latter is 
ample in the absence of ketonemia, 0.5 cc. for amounts up to 100 
mg.’ per cent, and 1 cc. in the presence of 100 to 200 mg. per cent 
of acetoacetic acid. After 15 minutes, 1 minute extractions of the 
mixture are made with three successive 5 cc. portions of ethyl 
acetate. The combined ethyl acetate fractions are washed once 
with 2 cc. of distilled water and are then kept in the separatory 
funnel over another 2 cc. of water in the dark for 18 to 24 hours. 
After removal of the water the pyruvate hydrazone is transferred 
from the ethyl acetate to 1 per cent sodium carbonate solution by 
successive extractions with 2, 2, and 1 cc. portions. To prevent 
any loss of hydrazone from the stem of the separatory funnel, 
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between the first and second shakings the ethyl acetate is washed 
with 0.5 cc. of sodium carbonate solution. All four fractions are 
transferred to a separatory funnel. In order to remove any free 
hydrazine or interfering hydrazones the combined sodium car- 
bonate fractions are now shaken with 1 cc. of ethyl acetate. The 
sodium carbonate extract is transferred to a 10 cc. glass-stoppered 
cylinder and the ethyl acetate remaining in the separatory funnel 
is washed with two 0.5 ce. portions of sodium carbonate solution 
which are also added to the contents of the cylinder. The volume 
of the alkaline extract is now made up to exactly 8 cc. with more 
sodium carbonate. Finally 2 cc. of 4 N sodium hydroxide solution 


Taste | 
Recovery of Added Pyrwic Acid from Blood 














on | -Pyruvie acid recovered Py + | Pyruvie acid recovered 
mg. per 100 ce.| mg. per 100cc.| per cent mg. per 100 cc, | mg. per 100 ce. per cent 
1.03 | 0.92 | 89.3 2.06 1.73 84.0 
1.03 | 0.88 | 85.4 2.06 1.89 91.7 
1.03 0.94 | 91.3 4.12 3.61 | 87.6 
2.06 1.87 | 90.8 4.12 | 3.89 | 94.4 











are added, the contents mixed, and the pyruvate estimation carried 
out in a photoelectric photometer. 


Results 


The recoveries of pyruvic acid from blood are shown in Table I. 
These results are better than those reported for the modified 
Peters-Thompson procedure (6) and are similar to those obtained 
by Wilkins, Weiss, and Taylor (10) who used the original Peters- 
Thompson method (2). 

Determinations were carried out in the presence of varying 
amounts of acetoacetic acid added to the blood with and without 
the overnight period of standing in ethyl acetate. The aceto- 
acetate was prepared according to the method of Shaffer (11) and 
the concentrations added were determined as bisulfite-binding 
substances (12). Recoveries of the 6-keto acid as pyruvate by 
the two methods are reported in Table II. The blood pyruvic 
acid values in the absence of added acetoacetate revealed only 
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slight differences by the two procedures. When the determina- 
tions were made by the prompt extraction method in the presence 
of added acetoacetic acid, sufficient acetoacetate hydrazone re- 
mained to cause inaccurate pyruvate values, whereas with the 
method as described the interfering hydrazone was removed. 

In these recovery experiments the bloods used were not stabi- 
lized with iodoacetate, but were pooled samples which had stood 
for several hours. Bueding and Wortis (4) have shown that on 
standing at room temperature the pyruvate level of blood decreases 


TABLE II 


Destruction of Acetoacetic Acid Dinitrophenylhydrazone after Addition of 
Acetoacetic Acid to Blood 


The values are expressed as mg. per 100 ce. 





| Recovery by prompt extraction method Recovery by delayed extraction method 














ech Ice lee | See 1 Tee 
| cideas | Pyrtuvic | acid as | acidsas | Pyruvie acid as 

‘pyruvie acid) 4 | pyruvie acid) pyruvic acid) 4 pyruvie acid 

s | 0.64 | 0.56 | 0.08 | 0.53 | 0.52 | 0.01 
8 | 0.79 | 0.62 | 0.17 | O51 | 0.51 | 0.00 
17 | 0.82 | 0.64 | 0.18 0.64 | 0.64 | 0.00 
17 | 1.00 | 0.62 | 0.38 0.51 | 0.51 | 0.00 
35 | 0.99 0.56 | 0.43 0.55 | 0.52 | 0.03 
35 | 1.40 0.62 | 0.78 0.51 | 0.51 | 0.00 
70 | 1.42 | 0.56 | 0.86 0.68 | 0.52 | 0.16 
100 | 1.14 | 0.64 | 0.50 | 0.82 0.64 | 0.18 
100 | 2.68 | 0.53* | 2.10 | 0.60 | 0.53 | 0.07 
200 | 5.00 | 0.53" | 4.47 | 0.65 | 0.53 | 0.12 





* The value which was obtained by the delayed extraction method was 
used. 


in the absence of iodoacetate and increases in its presence. The 
use of iodoacetate was therefore omitted to avoid the possibility 
of interference in the recovery experiments. 

The two procedures were also compared (Table III) with bloods 
containing normal and elevated concentrations of acetoacetic acid. 
The latter was determined by the bisulfite-binding method (12), 
the factor 28.05 being used to express total carbonyl compounds 
as acetoacetic acid in place of the 15.95 used for acetone. The 
normal range of acetoacetic acid is 1 to 3 mg. per cent. As demon- 
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strated in Table III with normal acetoacetate levels, the two 
procedures yielded similar pyruvate values. When ketonemia 
existed, the modified method described in this paper gave the lower 
and more correct figures. The difference can be attributed to 
the decomposition of residual acetoacetate hydrazone. The 


TaBe III 
Effect of Acetoacetic Acid on Determination of Pyruvic Acid in Blood 
The values are expressed as mg. per 100 cc. 





Apparent | pyruvic acid | Bisulfite-bind- 
: pytuvic acid | “py delayed | ing substances 
Patient No. by oeotic a ps extraction | as acetoacetic 





Normal patients 














1. Overnight fasting.............. 0.55 0.57 3.0 
2. os 7. ane 00 0.85 0.85 2.8 
3. ™ 9 a SR Ma tn 0.59 0.55 1.8 
4. 140 hrs. fasting................ 1.12 0.83 16.6 
18s ‘ pe Pe ese Dip Bae 1.00 0.96 7.4 

1 hr. later after 100 gm. glucose 
BGS chsoec ices ahs bodeoas 1.12 1.10 5.6 





Patients on diets low in thiamine chloride 

















4. Overnight fasting............. 1.63 1.61 2.3 
10. - a ene ee 0.96 0.93 3.3 
Diabetic patients 

12. 14 hrs. after admission in acido- 

EE rae ae eee 2.64 2.65 28.4 
13. 52 hrs. after admission in acido- 

naa d ncn c kd oe 1.03 0.68 18.3 
14. 2 hrs. post prandial, uncon- 

i cbiiwatnheawens vet 1.67 1.00 7.1 
15. Acidosis at admission......... 2.20 1.33 32.0 














results in Tables II and III also show that there is poor correlation 
between the concentration of blood acetoacetate and the amount 
of acetoacetate hydrazone remaining when the overnight waiting 
period is omitted. By introducing the modifications described 
into the pyruvic acid determination interference by acetoacetic 
acid is avoided. 
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SUMMARY 


Elevated concentrations of acetoacetic acid interfere with the 
determination of blood pyruvic acid. This source of error is 
overcome by using tungstic acid filtrates and allowing the mixture 
of hydrazine and hydrazones in ethyl acetate to stand 18 to 24 


hours. 


The author wishes to express his appreciation to Dr. John G. 
Reinhold for advice and criticism. 
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(Received for publication, September 3, 1940) 


The development by Zimmermann (1) of a colorimetric tech- 
nique for measuring the amount of chromogen produced in the 
m-dinitrobenzene reaction with those of the sex hormones which 
have the active ketone grouping has stimulated investigation of 
the crystalline as well as of the urinary androgens. As a conse- 
quence of this work, Neustadt (2), Friedgood and Whidden (3), 
and Talbot et al. (4) have made various adaptations of the Zimmer- 
mann technique for use in the Evelyn photoelectric colorimeter. 
Spectrophotometric analysis (2) has shown that Filter 520 of the 
Evelyn apparatus transmits light at the wave-length corresponding 
to the wave-length of the absorption band of the androsterone-m- 
dinitrobenzene color complex. 

In calibration of the Evelyn colorimeter preliminary to measur- 
ing the “total sterone’’ in human urine, both crystalline andros- 
terone and dehydroisoandrosterone were studied.1 We were 
especially interested in dehydroisoandrosterone because Lang- 
stroth and Talbot (5) reported that it gave the same extinction 
coefficient as androsterone. This fact furnished the basis for a 
method of determining the respective concentrations of andros- 
terone and of dehydroisoandrosterone in human urine. The 
value of this observation as applied to clinical work becomes 
immediately apparent when it is recalled that Callow (6) reported 
that 70 per cent of the total androgens excreted in cases of adreno- 


' The androsterone and dehydroisoandrosterone were kindly supplied by 
Dr. Erwin Schwenk of the Schering Corporation and Dr. Ernst Oppen- 
heimer of the Ciba Pharmaceutical Products, Inc. 
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genital tumor consisted of dehydroisoandrosterone. We therefore 
concerned ourselves with a study which we hoped would help to 
clarify the differences observed in the reported extinction coeffi- 
cients of the two substances. 

The technique of Neustadt was employed first for measuring 
the total quantity of “sterone” in urine. In this method the 
crystalline hormone was dissolved in 20 cc. of 60 per cent alcohol 


TaBLe | 
Determinations According to Neustadt Method 


















































Androsterone Dehydroisoandrosterone 
33 ./ Se 33 ¢| Be 
stat. | § | #3 stei4_| § | #3 
eee} f2) 2 | Ri) *« fegejez| 2 | ke] 
gee] a2] 2 | FE g85/ 42] 2 | 35 
< o Q o < o ~ oO 
mg. mg. 
0.2 | 92! /0.0351/0.007 |5.01 0.2 | 89 |0.0505)0.007 |7.21 
0.3 | 88! |0.0543/0.0107|5.07 0.3 | 83! |0.0796)0.0107|7.43 
0.4 | 85! |0.0693/0.0142)4.80 0.4 | 77? |0.1107/0.0142)7.79 
0.5 | 82 |0.0862/0.0178)4.84 0.5 | 72% |0.1397/0.0178)7.84 
0.6 | 78* |0.1037/0.0215}4.82 0.6 | 67? |0.1707|0.0215|7.89 
0.7 | 75' |0.1235}0.025 |4.94 0.7 | 61' |0.2129/0.025 |8.51 
0.8 | 72° |0.1382/0.0285/4.84 0.8 | 57 0.24410. 0289856 
0.9 | 68* |0.1627]0.0321|5.06 0.9 | 53? |0.2716)0.0321|8. 46 
1.0 | 68 |0.1675/0.036 |4.65 1.0 | 52° |0.2777/0.036 |7.71 
2.0| 47 (0.328 |0.071 |4.62 2.0 | 29% |0.530 |0.071 |7.46 
3.0 | 33 [0.482 |0.107 |4.56 2.5 | 22 |0.658 |0.0893)7 .36 
4.0 | 21° |0.668 |0.142 |4.67 3.0 | 17 |0.770 |0.107 7.19 
6.0 | 10* |0.979 |0.2143/4.57 4.0 | 9 |1.034 |0:142 [7.23 
8.0| 5* |1.260 |/0.2857/4.41 6.0 | 3 |1.523 |0.2143)7.16 
DEMOED, oo cc cccccsccees 4.78 + 0.37 7.70 + 0.86 





and then divided into two 10 ce. aliquots to each of which were 
added 2 ce. of 2 per cent m-dinitrobenzene in 95 per cent alcohol 
and 2 cc. of 15 per cent aqueous potassium hydroxide. The tubes 
were placed in the dark-room and galvanometer readings were 
taken after 90 minutes. This time interval was taken as the 
optimum for the development of the chromogen and these condi- 
tions were observed throughout the run. The calibration curve 
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for androsterone was found to be similar to that reported by 
Neustadt. We found that the m-dinitrobenzene reaction with 
dehydroisoandrosterone was the same as with androsterone as 
regards the development time and that it gave the same type of 
reaction curve. However, weight for weight, the chromogen 
developed with dehydroisoandrosterone was much more intense 
than that developed with androsterone. This was in agreement 
with the observation of Friedgood and Whidden (7). 

The curves were constructed from the data in Table I which 
represent the averages of many different experimental runs with 
various batches of reagents over a period of several months. The 
color developed by both hormones appears to obey, within certain 
limits, the law of Beer which is best expressed by the equation 
C = L/K. In this equation C represents the concentration of the 
hormone per cc. of final volume of colored solution, LZ represents 
the negative logarithm of the light transmitted, and K represents 
the relationship of the chromogen produced, as influenced by 
specific conditions, to the filter used. We found that the color 
reaction is not truly linear, because with increasing amounts of 
either dehydroisoandrosterone or androsterone the chromogen 
compound developed in the m-dinitrobenzene reaction does not 
increase proportionately. With androsterone the reaction loses 
its efficiency at 8.0 mg. With dehydroisoandrosterone efficiency 
is lost at 6 mg. This would naturally preclude the measurement 
of material containing concentrations of the respective substances 
beyond these amounts unless necessary dilutions were made. 

The calibration curves (Fig. 1), determined according to Neu- 
stadt, show the mg. of androsterone and dehydroisoandrosterone 
in the total volume of colored solutions plotted on a logarithmic 
scale against the galvanometer reading which corresponds to the 
L values in the equation C = L/K. The mean K value in a range 
of 0.2 to 8.0 mg. of androsterone was 4.78 + 0.37; for dehydroiso- 
androsterone the mean K was 7.70 + 0.86. 

In order to confirm this observation of a difference in the color 
development of the two hormones, the work was repeated with 
the method outlined by Friedgood and Whidden (3). The de- 
terminations were carried out in concentrations of 0.045 to 0.3 mg. 
of androsterone and of dehydroisoandrosterone, which cover the 
same galvanometer range as in the Neustadt method. The tech- 
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nique employed in this series of determinations is similar to that 
of the method of Callow et al. (8). The hormones were dissolved 
in 95 per cent alcohol and aliquots were chosen so that the amount 
to be calibrated was contained in 0.2 cc. of 95 per cent alcohol to 
which was added 0.2 cc. of 2 per cent m-dinitrobenzene in absolute 
alcohol and 0.2 cc. of 2 N aqueous potassium hydroxide. These 
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Fie. 1. Curves secured when the method of Neustadt was employed 


tubes were kept in a dark-room at 25° and at the end of 75 minutes 
were diluted with 10 ec. of 95 per cent alcohol, after which gal- 
vanometer readings were taken and the calculation for K made. 
It was again found that weight for weight dehydroisoandrosterone 
gave a much deeper pink than androsterone, a fact which is in 
agreement with results of Friedgood and Whidden (7). 

Our calibration curve for androsterone was similar to theirs 
with a mean K for androsterone of 33.29 + 1.10 and for dehydro- 
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isoandrosterone 44.35 + 1.38. This curve was also plotted on a 
log scale (Fig. 2) and was based on the data in Table II. 

Since the difference between androsterone and dehydroiso- 
androsterone was apparent with two different techniques, it was 
decided to check the work spectrophotometrically in order to 
determine whether this difference was real. Visual examination 
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Fig. 2. Curves secured when the method of Friedgood and Whidden 
was employed. 


was carried out with a constant deviation glass spectroscope having 
a special tungsten lamp source. It was found that both hormones 
transmitted light in the 5200 A. region. It was observed that 
dehydroisoandrosterone solutions prepared by both the Neustadt 
and Friedgood methods showed more absorption in the green 
portion of the spectrum than did the corresponding androsterone 
solutions. 
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As a final check we repeated our studies, employing the method 
described by Talbot, Butler, and MacLachlan (4). In this case 
the two compounds showed calibration curves which could be 
superimposed and K values which were the same. Further work 
by us indicated certain technical factors which we believe may 
explain the reason for this difference. Investigations are now in 
progress and a quantitative spectrophotometric check will be 
made. 


Taste II 
Determinations According to Friedgood and Whidden Method 
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0.045 | 73" |0.1352/0.0042) 32.19 66 |0.1805/0.0042) 42.97 
0.075 | 58 |0.2366/0.007 | 33.80 48 10.319 (0.007 | 45.57 
0.150 | 33? |0.475 0.0141) 33.62 23 (0.638 |0.0141| 45.26 
0.225 | 18 {0.727 |0.0212| 34.29 11! |0.949 |0.0212) 44.76 
0.300 | 12 /0.921 |0.0283) 32.54 6 |1.222 |0.0283) 43.18 
5 eA 33.29 + 1.10) 44.35 + 1.38 
Comment 


In an attempt to explain the differences observed by us and 
those reported by others (5, 2), it was suggested that androsterone 
and dehydroisoandrosterone be studied in dilutions lower than 1 
mg. We observed, by the Neustadt technique, the same propor- 
tionate difference in the entire range from 0.1 to 1.0 mg. that was 
present in the range of 1 to 8 mg. With the Friedgood and 
Whidden method in the range of 0.045 to 0.300 mg. the same pro- 
portionate difference in the depth of chromogen produced by the 
two compounds was observed. By virtue of our observations 
that the intensity of the chromogen produced by dehydroiso- 
androsterone is greater than that for a corresponding amount of 
androsterone, the practical value of this fact becomes apparent 
when one attempts to determine specific concentrations of andros- 
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terone and dehydroisoandrosterone in a given specimen. In the 
assay of urinary androgens, the calculated amount of “sterone’”’ 
is based on the K value for androsterone, whereas the intensity of 
the color reaction may be due to dehydroisoandrosterone as well 
as other ketosteroids. Therefore, in order to apply the digitonin 
method described by Langstroth et al. (9), we must consider the 
different K values. This would then require a second computa- 
tion based on the K value of dehydroisoandrosterone. 


SUMMARY 


1. There is a difference in the intensity of chromogen produced 
by androsterone and dehydroisoandrosterone which is apparent 
by visual spectrophotometry as well as in the calibration curve of 
the Evelyn photoelectric colorimeter. 

2. The K value for androsterone and dehydroisoandrosterone 
is the same only when the method described by Talbot is used, 
but is not the same with either the Neustadt or Friedgood method. 

3. The difference in K must be taken into consideration in 
applying the method for determining concentrations of dehydro- 
isoandrosterone in a given urine specimen. 
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A number of investigators have shown that denatured proteins 
are digested by enzymes more rapidly than native proteins. An- 
son and Mirsky (7) have pointed this out specifically for salicylate- 
denatured hemoglobin and have mentioned it in speaking of 
denatured proteins in general. The work of Willstatter, Grass- 
mann, and Ambros (31), Lin, Wu, and Chen (23), Cohn and White 
(15), and others should be noted in this connection. These 
workers have generally been concerned with egg white or egg 
albumin, have employed crude enzyme preparations, and have 
generally studied extensive digestion of the substrate rather than 
the kinetics of initial digestion. Some of these experiments are 
difficult to interpret also because they are complicated by the 
effect of egg white trypsin inhibitor. Deviations in the kinetics 
of proteolysis that may occur as a result of the presence of this 
or other inhibitors will be discussed later. In a brief note Linder- 
strém-Lang et al. (24) have recently reported data indicating that 
native lactoglobulin may not be attacked at all by enzymes. 
Since the work reported in this paper was done, Winnick, Davis, 
and Greenberg (32) have reported data on the digestion of native 
and urea-denatured ovovitellin, hemoglobin, edestin, ovalbumin, 
and casein by asclepain. Their studies were primarily concerned 
with the characterization of the new enzyme rather than the 
phenomenon of protein denaturation and therefore their experi- 
ments were not designed to deal with the particular problems that 
will be considered in this paper. There has thus been little work 
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of a conclusive nature carried out on the digestion of native pro- 
teins as compared to denatured proteins (see statement by Anson 
(2)). Annetts (1), following up the work of Svedberg and Erikson 
(30), made a careful and valuable analysis of the products formed 
by the action of papain on native egg albumin, using several 
physical methods including ultracentrifugation and cataphoresis. 
This study (which did not include denatured egg albumin) will 
be mentioned later. 

The action of urea and other neutral denaturing agents on pro- 
teins has been the subject of considerable research in recent years. 
Mirsky and Anson (26) prepared urea-denatured protein for 
various studies. Hopkins (19) studied changes in the chemical 
reactivity of egg albumin that occur in strong solutions of urea. 
Burk and Greenberg (13) and Burk (12) have studied the osmotic 
and other physical relations of several proteins in urea solution 
(see Greenberg (16)). Steinhardt (29) made a critical study of 
some phases of the behavior of hemoglobin in urea solutions. 
Greenstein (17) studied the quantitative “liberation” of —-SH 
groups from proteins in solutions of urea and related compounds, 
as indicated by the porphyrindin reagent. He reports that the 
amount “liberated” varies with the protein and ranges from 0 to 
several equivalents per molecule of protein, and that there is no 
correlation between the molecular weight changes and the --SH 
liberated. Anson also has used urea and recently has examined 
the reducing groups in egg albumin using a detergent denaturing 
agent, Duponol (4, 5). Papain has been the subject of a similar 
study in this laboratory (10). 

Data in the literature, of the nature referred to above, indicate 
that certain broad generalizations are justified with regard to the 
denaturation of proteins by urea or by other means. 

1. Physically, changes may occur in the molecular weight, solu- 
bility, absorption spectrum, and other properties. 

2. Chemically, groups (—SH, —S-—-S-—-, and tyrosine phenol) 
may become “exposed’”’ or become more reactive so that they can 
be detected by reagents that would show little or no reaction with 
them when the protein was native (undenatured) (25). 

3. Enzymically, proteins that are resistant or only slowly at- 
tacked by enzymes when native are readily digested when de- 
natured. Enzymes that have been shown to be proteins lose 
their catalytic property when they are denatured. 
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It is the purpose of this communication to extend the third 
generalization by reporting the apparent relative rates at which 
papain digests native and denatured Hb,' by showing some of the 
complications of the kinetics of native Hb digestion, by showing 
that alkali-denatured and urea-denatured Hb are digested at 
practically the same rate, and by showing that urea in concentra- 
tions above that required to denature the protein completely has 
no further effect on the rate of Hb digestion by papain. Papain 
is particularly suited to the study of the urea denaturation prob- 
lem, since Lineweaver and Schwimmer (unpublished data) have 
found it to be stable in 9 to 10 m urea. Chymotrypsin loses ac- 
tivity rapidly even in 2 m urea (21), while pepsin is stable in 4 m 
urea (29). The differential effect of denaturing agents on various 
proteins has recently been discussed and studied by Anson (4, 6). 


Methods 


Proteolysis was followed by the method of Anson (3). The 
results are reported in terms of “color value”’ per 5 ml. of trichloro- 
acetic acid filtrate. The “color value” refers to the change in 
scale reading on a neutral wedge photometer and is an arbitrary 
measure of the extent of digestion. The time of digestion was 10 
minutes unless otherwise indicated, and the pH was 7.0 + 0.1. 
Tyrosine added in the proportion of 0.0008 milliequivalent per 5 
ml. of trichloroacetic acid filtrate gives a color value of about 35. 
This color value is equivalent to about 5 per cent digestion of 2 
per cent Hb. 

All of the Hb used was prepared according to Anson (3) but was 
denatured only as indicated. Crystalline papain (9) was used 
unless otherwise indicated. 


DISCUSSION 


Comparison of Rate-Substrate Concentration Functions of Native 
and Denatured Hb and of Relative Rates of Attack on These Two 
Forms of Hb by Papain—Fig. 1 shows that for practical purposes 
the maximum rate of digestion of denatured Hb is obtained when 
the substrate concentration is 2 per cent. This does not appear 
to be the case for native Hb (inset of Fig. 1). However, the curve 
in the inset has been constructed from the data of Fig. 2 and is, 


1 Hb will be used to designate hemoglobin whether native or denatured. 
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of course, subject to considerable uncertainty because of the 
variable rate of digestion of native protein (Fig. 2). Nevertheless, 
calculations based on the enzyme concentrations used in the two 
cases give a maximum difference in rate of digestion of 2 per cent 
native and denatured Hb of about 1:6400. If the initial rate, 
rather than the later constant rate, is used for the comparison, 
the difference is about 40-fold less (1:100 to 1:200). Since up to 
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Fic. 1. The relation between the increase in color value and the concen- 
tration of urea-denatured Hb. The inset gives the relation for native Hb. 
(These rates are calculated from the straight portions of the curves in 
Fig. 2.) The amounts of enzyme N used in the case of denatured and native 
Hb respectively were 0.002 and 0.2 mg. per 6 ml. of digestion mixture. The 
specific activity of this enzyme solution which had been prepared for some 
time appears to be about 30 per cent less than that of the one used in Fig. 5. 

Fig. 2. The kinetics of the digestion of 1, 2, and 4 per cent native Hb. 


10 per cent of the substrate was digested during the linear portion 
of the curves in Fig. 2, native Hb rather than an impurity must be 
disappearing during this time. Winnick, Davis, and Greenberg 
(32) reported that, for the proteins they used, the denatured 
forms were digested by asclepain more rapidly than the corre- 
sponding native forms. However, the differences do not appear 
to be as great in general as those observed by the authors for Hb 
and egg albumin. They were, of course, using a different enzyme 
and, furthermore, they point out that these particular data are 
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not suitable for such quantitative comparisons. Kunitz (21) 
reported that denatured casein is digested about 800 times as fast 
as native egg albumin by chymotrypsin. 

Native Protein Digestion by Papain—Kinetic data similar to 
those reported in Fig. 2 for Hb have also been obtained for egg 
albumin. In neither the case of Hb nor that of albumin can the 
curves obtained by the digestion of the native proteins be super- 
imposed on those obtained by digestion of denatured protein. 
(Since time and enzyme concentration are interchangeable, Fig. 
2 may be compared with Fig. 5.) 

Annetts (1) followed the action of papain on native egg albumin 
by separating the dialyzable constituents from the digestion mix- 
ture. She observed an initial rapid rate of digestion, followed by 
a constant rate, similar to that shown in Fig. 2. Using the al- 
cohol titration method, Willstaétter, Grassmann, and Ambros (31) 
obtained data which yield a similarly shaped curve with time, 
though their data were not intended to be critical in this region. 
However, these two quite different methods apparently yield 
curves similar in shape to those obtained by the authors using 
trichloroacetic acid-soluble material as a measure of the digestion 
of native egg albumin by crystalline papain. (Our preliminary 
curves for egg albumin are similar to those in Fig. 2 for Hb.) 
Annetts and Willstatter et al. carried out the digestions at pH 5.0, 
while the authors used pH 7.0. 

Extrapolation of the linear portions of the curves for the three 
concentrations of Hb and for egg albumin (unreported) suggests 
an impurity (perhaps denatured protein) in the substrate. How- 
ever, the ultracentrifuge data of Annetts (1) indicate that essen- 
tially all of the native protein undergoes the loss of a fraction of 
low molecular weight after which the new fraction of high molecu- 
lar weight, having an apparent molecular weight about 90 per cent 
of that of egg albumin, is gradually hydrolyzed. 

The following facts further support the contention that native 
proteins can be directly attacked by enzymes. 

(a) Fig. 3 shows that time and enzyme concentration factors 
are interchangeable in the digestion of native Hb by papain. As 
pointed out by Bodansky (11), this indicates that either there 
are no important reactions occurring that are independent of the 
enzyme, or the rate of the non-enzymic reactions (possibly leading 
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to equilibrium between two or more forms of Hb) is very high 
compared with the rate of digestion, so that the experimental 
kinetics are virtually independent of the non-enzymic reactions. 
The possibility that the inset in Fig. 1, differing from Fig. 1 proper, 
represents the digestion of an equilibrium concentration of de- 
natured protein appears to be unlikely on the basis of the observa- 
tions cited below. The direct interpretation of the inset, of course, 
is that native Hb has a low affinity for papain. 
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Fig. 3. Comparison of time and enzyme concentration for the action of 
papain on native Hb. The open circles, solid circles, and crosses corre- 
spond to 0.3, 0.1, and 0.033 mg., respectively, of enzyme N per 6 ml. of diges- 
tion mixture. The time is in minutes. 

Fic. 4. The inhibition of crystalline trypsin digestion of denatured Hb 
by the antitrypsin of egg albumin. Curve a, control. Curves b and c, 0.14 
per cent of egg albumin crystallized twelve times and three times, respec - 
tively. Curve d, 0.14 per cent of dried egg white. 


(b) The observation of the authors that chymotrypsin attacks 
native Hb more readily than does papain, whereas papain is about 
4 times as active toward denatured Hb as chymotrypsin, leads 
to the interpretation that some enzymes attack native proteins 
more rapidly than others. In fact, trypsin is practically inactive 
towards native egg albumin, whereas chymotrypsin shows definite 
activity (8, 21). If the digestion represents the hydrolysis of 
equilibrated denatured protein, then the rates of digestion by 
papain and chymotrypsin would be expected to stand in the same 
ratio for native as for denatured protein. At the same time, the 
rate of digestion of Hb by papain is apparently not limited by the 
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natural rate of formation of “ordinary” denatured protein, since 
in that case equal rates of digestion by high concentrations of 
chymotrypsin and papain would be obtained. The data of Lin- 
derstrom-Lang et al. (24) indicate that under certain conditions 
the rate of digestion of native lactalbumin may be limited by the 
rate of denaturation. It may also be noted that a specific papain 
inhibitor that would be destroyed when the Hb is denatured by 
heat or urea, could, of course, also explain our observation. Refu- 
tation of the latter explanation was obtained experimentally by 
the observation that native 2 per cent Hb only slightly inhibits the 
digestion of casein by papain. However, this does not mean that 
the action of inhibitors, and perhaps other factors, can be dis- 
regarded as insignificant in all cases. For example, Fig. 4 shows 
that egg albumin crystallized three times still contains con- 
siderable trypsin inhibitor, whereas egg albumin crystallized 
twelve times is nearly free of inhibitor. 

(c) The accumulation of special protein intermediates or prod- 
ucts that may result from the action of enzymes on native proteins 
is illustrated by the conversion of enzyme precursors, trypsinogen 
(22), pepsinogen (18), and chymotrypsinogen (20) into active 
enzymes. Kunitz (21) has also studied the autotransformation 
of active chymotrypsin into active 8 and y forms. These results 
are most reasonably interpreted as due to digestion of native 
proteins with the production of crystallizable native products 
resistant to proteolysis. They are also consistent with the idea 
of Schmidt, Allen, and Tarver (27), who postulate that new pro- 
teins are formed by “slight modification rather than de novo syn- 
thesis from amino acids.” 

These observations can be explained less simply by assuming 
the native Hb to be in equilibrium with a denatured Hb that 
differs enzymically from the various denatured hemoglobins 
studied in this work, and, furthermore, by assuming the rate of 
approach to equilibrium to be fast compared to the rate of diges- 
tion. However, in the present state of our knowledge essentially 
the same assumption could be made to support the hypothesis 
that native proteins will not react with any reagents. 

Enzymic Comparison of Urea- and Urea-Alkali-Denatured Hb 
and Difference between Relative Rates of Digestion of Native and of 
Denatured Hb by Enzymes—-Fig. 5 shows that there is no apparent 
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difference in the rate of papain digestion of 2 and 4 per cent Hb 
whether denatured in neutral or alkaline solutions of urea. Since 
denaturation by urea is a time reaction, the Hb was allowed to 
stand in 6.6 m urea for at least 60 minutes before use. The color 
value-enzyme concentration curve may be compared with the 
data of Anson (3). When a homogenized suspension of heat- 
denatured Hb was submitted to the action of papain, chymo- 
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Fia. 5. The relation between the increase in color value and the amount 
of enzyme N per 6 ml. of digestion mixture. The open circles, solid circles, 
and squares correspond to 2 per cent urea-denatured, 4 per cent urea-de- 
natured, and 2 per cent alkali-denatured Hb, respectively. 

Fig. 6. The relation between the color value and the urea concentration 
in the digestion mixture. The Hb concentration was 2 per cent and the 
enzyme N content was 0.0038 mg. per 6 ml. of digestion mixture. The urea- 
hemoglobin solution was allowed to stand at room temperature for 1 hour 
before use. 


trypsin, and trypsin, the rates of digestion, though somewhat 
lower for each enzyme, were relatively the same as when urea- 
denatured Hb was used. The denatured hemoglobins obtained 
by these different methods of treatment are thus quite similar 
in digestibility. On the other hand, the factor or factors in native 
proteins that may be altered by denaturation appear to limit the 
activity of some enzymes more than others. This is illustrated 
by the observation, already mentioned, that chymotrypsin and 
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papain digest native Hb at different relative rates than they digest 
denatured Hb. It is also consistent with the data of Winnick, 
Davis, and Greenberg (32) from which it appears that the rates 
of digestion of the five different native proteins by asclepain differ 
from one another much more than the rates of digestion of the 
same five denatured proteins. 

Rate of Digestion of Hb by Papain' As a Function of Concentration 
of Urea in Substrate Mixture and Increased Lability of Peptide 
Bonds—Fig. 6 gives the enzyme activity as a function of the con- 
centration of urea in the Hb substrate. The data were obtained 
by a combination of two experiments. The color values were 
slightly adjusted so that the two sets of data are superimposed. 
The increase in amount of water-insoluble protein with urea 
concentration was measured roughly by dilution at pH 7 after 60 
minutes standing and found to be similar to the increase in rate of 
digestion. However, the various manifestations of change, when 
proteins are denatured, may not parallel each other quantitatively 
(Steinhardt (29), Sreenivasaya and Pirie (28), Anson (4)). 

From these data the conclusion seems justified that protein 
—CO.NH— (peptide) bonds become far more available or sensi- 
tive to proteolytic enzymes when the proteins are “denatured” 
(e.g., dissolved in strong urea solution). This conclusion is 
similar to those reached by Greenstein (17), Anson (5, 6), and Balls 
and Lineweaver (10) who showed, for various proteins, that —SH, 
—S—S-, and tyrosine phenol groups may be more reactive in 
the denatured than in the native protein. On the other hand 
Chow and Wu (14) have shown for several proteins that there is 
no change in the number of titratable amino groups on denatura- 
tion. These authors used urea as a denaturing agent and the for- 
mol titration for the determination of the amino group. 


SUMMARY 


1. In urea solutions of concentrations greater than 5 to 6 m the 
initial rate of digestion of Hb by papain is at least 100 times greater 
than in water solution—the later rate may be as much as 6000 
times greater. This increase in digestibility is similar to the 
decrease in solubility of Hb when it is denatured by urea, but the 
data obtained are not adequate to prove or disprove an exact 
parallelism. 
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2. The following observations make it appear likely that native 
Hb may be directly attacked by papain, (a) the relative rates of 
digestion of native Hb by papain and chymotrypsin do not appear 
to be related to the relative rates of digestion of denatured Hb; 
(b) the digestion of native Hb is not limited by a rate of denatura- 
tion, since the same increase in digestion takes place with either 
twice the time or twice the enzyme concentration; (c) the forma- 
tion of enzymes (native proteins) from precursors (native proteins) 
generally involves proteolysis. 

Though denaturation may not occur before the enzyme acts 
upon Hb, this does not mean that the enzyme itself does not de- 
nature the protein before hydrolysis proceeds. 

3. The increase in rate of enzymic hydrolysis of proteins when 
they are denatured has been found to be comparable to the increase 
in reactivity of constitutent —SH, —S—-S—., and tyrosine phenol 
groups. The constituent peptide bonds, therefore, may be 
considered to.increase in reactivity in a manner similar to these 
groups when proteins are denatured. 

4. The rate of digestion of denatured Hb by papain is practically 
the same whether denatured by neutral or alkaline urea or by 
heat. The increase in the rate of digestion of a protein when it 
is denatured appears to be different for each enzyme; likewise, the 
increase in rate for each of several proteins by a single enzyme 
appears to be different. 
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In 1936 the configuration of tyrosine was correlated to that of 
aspartic acid in this laboratory and thus the configurations of the 
natural aliphatic acids were correlated to those of the naturally 
occurring phenylated amino acids by the methods of classical 
organic chemistry.'. The configuration of a-aminophenylacetic 
acid was at that time correlated to that of the natural amino acids 
only by an indirect optical method.? A method of correlating the 
configurations of a-amino acids to the corresponding amines was 
also developed in this laboratory in 1937, and thus the configura- 
tions of aliphatic amines were correlated to those of the aromatic 
amines. Hence it was necessary to convert a-aminophenylacetic 
acid into the corresponding amine in order that its configuration 
could be correlated to that of the aliphatic and to the phenylated 
amino acids. Work in that direction was initiated in 1937, but 
preliminary to it, it seemed desirable to develop a catalytic method 
for the reduction of the esters of a-amino acids into the correspond- 
ing substituted aminoethanols. While this work was in progress, 
there appeared a publication of Reihlen, Knépfle, and Sapper? in 
which the authors correlated the configurations of aliphatic, aro- 
matic, and cyclohexyl! derivatives of ethylamines on the basis of 
optical behavior—a task which, as stated, has been accomplished 
in this laboratory by methods of classical chemistry. However, 
the authors anticipated our own experiments in converting 


* Died September 6, 1940. 

‘Levene, P. A., and Mardashew, 8., J. Biol. Chem., 117, 179 (1937). 

? Reihlen, H., and Knépfie, L., Ann. Chem., 623, 199 (1936). 

* Reihlen, H., Knépfle, L., and Sapper, W., Ann. Chem., 534, 247 (1938). 
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a-aminophenylacetic acid into the corresponding methylphenyl- 
aminomethane. The procedure employed by these authors was 
found in their own eyes to be not very satisfactory and was not 
recommended by themselves for future work. 


COOH COOC:Hs CH,OH 


H,N...C...H — H,N...C...H —H,N...C...H — 


CH; C.Hs C.Hs 
Dextro Dextro Dextro 

I II III 

CH,OH CHI CH; 


CH,COOH-H,N...C... H —H:N...C...H—HCI-H,.N...C...H 


| | 


' 
CsHu CsHu C.Hu 
Dextro Dextro 
WwW .. V VI 
y 
CHs CH; CH; CH; 


H.N...C...H—HCI-H,N...C...H— HCI-H.N...C...H— H.N...C...H 


CeHs CH; CeHu CsHu 
Dextro Dextro Dextro Levo 
VII VIII Ix x 


{ 


COOH 





whe ~ awe ag ci e 


H,N...C...H 


CH, 
Dextro(/) 
XI 


Hence the present study was continued on the plan previously 
outlined; namely, the 1-phenyl-l-aminoethanol-2 described pre- 
viously* was hydrogenated to the corresponding cyclohexy] deriva- 
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im 


‘ Ovakimian, G., Kuna, M., and Levene, P. A., J. Biol. Chem., 185, 91 
: (1940). 
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tive which in its turn was converted into 1-cyclohexyl-l-amino- 
2-iodoethane and this without isolation was reduced to 1-cyclo- 
hexyl-l-aminoethane. Inasmuch as the correlation of the con- 
figurations of the cyclohexyl and the phenylethylamines has been 
accomplished, and also that of the latter to alanine,' it follows that 
the configuration of a-aminophenylacetic acid is correlated by these 
means to that of alanine. The results are given in the accom- 
panying set of reactions, showing that dextro-l-a-aminophenyl- 
acetic acid is correlated to dextro-/-alanine, in agreement with the 
results obtained by Reihlen, Knépfle, and Sapper.® 


EXPERIMENTAL 


Reduction of Aminophenylethanol to Aminocycloherylethanol 
Acetate—4 gm. of 1-amino-l-phenylethanol,* [a] = —15.0° (in 
methanol), which remained crystalline at room temperature, were 
dissolved in 100 ml. of glacial acetic acid (Mallinckrodt A. R.) 
and 0.6 gm. of Adams’ catalyst was added. This was shaken with 
hydrogen at a pressure of 3 atmospheres for 3 days at room tem- 
perature. The product was distilled from a micro flask immersed 
in a bath at a temperature of 110-125°, p = 1 X 10-* mm. 
Yield 3.6 gm. 


—0.85° X 100 


ix il2 = —7.6° (in chloroform) 


lalp = 


The rotation in methanol was also levo. 


CioH2O;N (203.2). Caleulated. C 59.11, H 10.46 
Found. ** 59.24, “© 10.44 


Reduction of Aminocycloherylethanol Acetate to Methylcyclohezyl- 
aminomethane Hydrochloride—2 gm. of 1-amino-1-cyclohexyl- 
ethanol acetate, [a] = —7.6° (in chloroform), were dissolved in 
35 ml. of a solution containing anhydrous hydrogen iodide (60 gm.) 
in glacial acetic acid (50 gm.). This was heated in a sealed bomb 
tube for 4 hours at 125°. Further procedure was as previously 
described.’ 

5 Leithe, W., Ber. chem. Ges., 65, 660 (1932). 


* Leithe, W., Ber. chem. Ges., 64, 2827 (1931). 
? Levene, P. A., and Mardashew, S8., J. Biol. Chem., 117, 707 (1937). 
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The crystals were dissolved in hot benzene, filtered, and pentane 
was added to the filtrate. The crystals weighed 0.9 gm. 


—0.410° X 100 
1 X 13.2 





lalze = = —3.1° (hydrochloride in water) 


CsHisNCl (163.6). Calculated. C 58.69, H 11.09 
Found. ** 58.58, ** 11.04 


N-Acetylaminocyclohexylacetic Ethyl Ester—1 gm. of a-amino- 
phenylacetic ethy! ester, [a]?> = —113° (homogeneous), was dis- 
solved in 50 ml. of acetic acid (purified by distillation with acetic 
anhydride), and 0.5 gm. of Adams’ catalyst was added. This was 
reduced with hydrogen at 3 atmospheres pressure for 3 days at 
room temperature. The product distilled from a bath tempera- 
ture of 130-140°, p = 4 X 10-° mm., and erystallized; m.p. 73-75°. 


$0.28" X 100 


a +4.6° (in methanol) 


la]> = 


Cy»H»O3N (227.2). Calculated. C 63.38, H 9.32 
Found. ** 63.43, ** 9.44 


The ester group of this substance was not reduced when it was 
shaken with hydrogen at a pressure of 160 atmospheres, and a 
temperature of 75° for 9 hours, with Raney’s catalyst. The 
material was recovered unchanged. 

Diacetylaminophenylethanol*—2.5 gm. of aminophenylethanol, 
[a] ® == —15.0° (in methanol), were dissolved in 40 ml. of methanol, 
cooled in an ice water bath, and ketene was passed into the solu- 
tion for 2} hours. After evaporation, the semicrystalline material 
was distilled from a bath temperature of 155-170°, p = 0.001 mm. 
On standing in the cold, the material crystallized. Yield 2.4 gm. 


—3.47° X 100 


ixes ers (M]s = —71.0° (in methanol) 


la]> = 


Cy.H,s0;N (221.1). Calculated. C 65.16, H 6.83 
Found. “* 65.27, “* 7.26 





* Reihlen, Knépfle, and Sapper* report [M]> = +136° from an amino- 
phenylethanol hydrochloride of [M]> = +37.9°. 
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N-Acetylaminophenylethanol—1.1 gm. of diacetylaminopheny]- 
ethanol were dissolved in 5 ml. of methanol and 10 ml. of 0.56 N 
sodium hydroxide. The solution was refluxed for 1 hour and 
extracted with chloroform. The substance distilled from a bath 
at a temperature of 170-180°, p = 4 X 10-* mm. 


—7.28° X 100 


a = = —46.7° (in ch 
[or] sso: 1x 156 46.7° (in chloroform) 


CioH1:30.N (179.1). Calculated. C 67.00, H 7.32 
Found. ** 66.85, “* 7.44 


Diacetylaminocyclohexylethanol—1 gm. of diacetylaminophenyl- 
ethanol, [a]>> = —32.1° (in methanol), was dissolved in 25 ce. of 
glacial acetic acid and 0.5 gm. of Adams’ catalyst was added. 
This was reduced with hydrogen at 3 atmospheres pressure for 
3 days at room temperature. The product distilled from a bath 
temperature of 175-185°, p = 8 X 10-* mm., n® = 1.4826. 


+2.35° X 100 


= °o /; 
1X 14.1 +16.7° (in chloroform) 


[a] ie - 


CisHnO3N (227.2). Calculated. C 63.38, H 9.32 
Found. ** 63.22, ** 9.41 


N-Acetylaminocycloherylethanol—4 gm. of aminophenylethanol, 
[a]2> = —15.0° (in methanol), were dissolved in 100 ce. of acetic 
acid (purified by distillation with acetic anhydride) and 0.6 gm. 
of Adams’ catalyst was added. This was reduced with hydrogen 
at 3 atmospheres pressure for 3 days at room temperature. The 
predominating product was the N-acetylaminocyclohexylethanol, 
which distilled from a bath temperature of 160-170°, p = 4 X 
10mm. Yield 3 gm.;n® = 1.4943. 


[a]? = 0 (in methanol) 


+0.71° X 100 
1 X 13.6 


CieH1s0,N (185.2). Calculated. C 64.74, H 10.34 
Found. ** 64.98, ** 10.69 


= +5.2° (in chloroform) 


lal = 


The forerun contained the acetate and diacety! derivatives. 
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The N-acetyl derivative did not react with hydrogen iodide in 
glacial acetic acid when it was heated for 4 hours at 125°. The 
product isolated was impure aminocyclohexylethanol hydro- 
chloride. This compound, when re-treated with hydrogen iodide 
in glacial acetic acid, as above, and with subsequent reduction 
with Raney’s catalyst gave a methylcyclohexylaminomethane 
hydrochloride of 
—0.130° X 100 


x6 = —1.6° (hydrochloride in water) 


[alse _ 
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Dialyzed kidney extracts have been shown to phosphorylate 
glucose under aerobic conditions when one of a number of oxi- 
dizable substrates (such as citrate, glutamate, a-ketoglutarate, 
succinate), Mgt+, adenylic acid, and cozymase are added (1). 
In particular, the step succinic — 2H — fumaric acid was found 
to bring about phosphorylation. It was then demonstrated 
that the oxidation of pyruvic acid, which requires catalysis by 
the succinic-fumaric system, can furnish the energy for the 
phosphorylation of glucose (2). Since glucose, once it has been 
phosphorylated, is converted to pyruvic acid in these extracts by 
the following well known reactions, glucose + 2H;PO, — fruc- 
tose diphosphate — 2 triose phosphate — 2 phosphoglyceric 
acid — 2 phosphopyruvic acid — 2 pyruvic acid, it was to be 
expected that, in the presence of a catalytic amount of succinic 
acid, glucose would be oxidized as readily as pyruvic acid. This 
was found to be the case in kidney extract (2) and evidence for the 
same phenomenon has now been obtained in heart, brain, and 
liver extracts. 

Experiments to be reported in the present paper show that the 
complete oxidation of 1 mole of glucose to CO, and H,O can 
cause the phosphorylation of 5 moles of glucose to fructose di- 
phosphate. Additional experiments to be reported show that 
mannose and adenosine can be phosphorylated in kidney extracts. 


* This work was supported by a research grant from the Rockefeller 


Foundation. 
t Research Fellow of the Rockefeller Foundation. 
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EXPERIMENTAL 


The methods used were essentially the same as those previously 
described (1). The tissue was homogenized at 0° with 1.2 to 
2.0 volumes of 0.1 M potassium phosphate of pH 7.7 and the re- 
sulting paste was centrifuged. The cloudy, cell-free super- 
natant fluid was in most cases dialyzed for 4 hours against 0.05 | 
M potassium phosphate at 2°. 1 cc. portions of the dialyzed 
extract were mixed with 0.4 cc. of additions (for details see Fig. | 
and Tables I to VI) and the mixtures were shaken in Warburg 























| WITHOUT NaF . IWITH Mo NaF 
= — | 
| | 
: | P+S | 
| | ; G+ 
2 
4 Nl | i J 
. 0 § 30 #5 60 0 5 30 «645 ~=—«60 
4 MINUTES 
t) 
3 Fic. 1. Oxidation of glucose and pyruvic acid in dialyzed kidney extract. 
a l ec. of extract + 2 mg. of MgSO,-7H,0 + 0.3 mg. of adenylic acid + 0.3 mg. 
Bs of cocarboxylase + other additions as shown. Total volume 1.4 cc.; tem- 
f perature 37°. N = no additions, S = 0.2 mg. of succinic acid (Na salt), 
A G = 10 mg. of glucose, and P = 7 mg. of pyruvic acid (Li salt). 


a vessels at 37° in an atmosphere of oxygen. O: consumption was 
calculated for the entire incubation period, a correction being ap- 
plied to include the oxygen consumed during the equilibration 
period of 5 minutes. After incubation the samples were analyzed 
for inorganic phosphate, additional inorganic phosphate liberated 
by 10 minutes hydrolysis in n H,SO, at 100°, fructose diphosphate 
(as fructose), phosphoglyceric acid, and free glucose, by the same 
methods as were used previously. Lactic acid was determined in 
copper-lime filtrates by the method of Friedemann, Cotonio, and 
Shaffer as modified by Wendel (3). Pyruviec acid was determined 
by the method of Clift and Cook (4). 
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The experiment illustrated in Fig. 1 substantiates and extends 
the findings of the experiment reported previously (2); it shows 
that a trace of succinic acid is necessary for the oxidation of 
glucose and of pyruvic acid! in dialyzed kidney extracts and that 
fluoride prevents the oxidation of the former but not of the 
latter. In the case of glucose, succinic acid is necessary (a) for the 
initial phosphorylation which enables the glucose molecule to be 
oxidized to phosphoglyceric acid and then transformed to pyruvic 


TaBLe I 
Balance for Glucose Disappearance in Dialyzed Heart Muscle Extract 
l ec. of extract of rabbit heart + 10 micromoles of MgSO, + 1 micromole 
of adenylic acid. Initial inorganic P 48.7 micromoles. Total volume 1.4 
ec. Incubation time 60 minutes. The values in the table are expressed in 
micromoles. 

















O: consumed P esterified Total 
" Pn] Memaanice em ermine: ee | 
Additions disap pear- | Glucose | | Glucose lecsounted 
— accounted | laccounted| for 
for | for 
“Ti micromoles | | 
None 1.5 | 0 
2 succinate 2.6 0 ; 
57 glucose 15.4 14.3 2.13 | 18.4 9.2 11.3 
. ““ | | 
au th) ogg | 22.3 | 8.47 | 96.0 (95) | 18.0 | 21.5 
2succinate | | | 
45 pyruvate > t 31.6 | 
2succinate || | 











The figure in parentheses indicates the per cent hydrolysis of the es- 
terified P during 10 minutes in n H,SO, at 100°. 


acid and (b) for the oxidation of pyruvic acid which in turn causes 
further phosphorylation of glucose. Fluoride prevents the oxi- 
dation of glucose by inhibiting the transformation of phospho- 
glyceric acid to pyruvic acid. In the absence of NaF, glucose is 
oxidized as rapidly as pyruvic acid in this extract. 

Balance experiments with heart and kidney extracts showed 


1 The catalysis of pyruvate oxidation by the succinic-fumaric system 
has been described by Annau and Erdés (5) and by Banga, Ochoa, and 
Peters (6) and is here confirmed. It is not definitely known whether the 
catalysis occurs over the step fumaric — succinic or oxaloacetic — malic 
acid. 
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that much more glucose disappeared than was estimated from the 
oxygen consumption. In an experiment with a dialyzed heart 
extract (Table I) the respiration without addition of substrate 
was very low. When glucose was added, a rapid oxidation occurred 
which was further increased by addition of a catalytic amount of 
succinic acid.2 Since 6 micromoles of O, are required for the com- 
plete oxidation of 1 micromole of glucose, (14.3 — 1.5)/6 = 2.13 
micromoles of glucose were oxidized without added succinate and 
(22.3 — 1.5)/6 = 3.47 micromoles of glucose were oxidized with 
addition of succinate, whereas the total glucose disappearance 
(found by direct estimation) was 15.4 and 24.4 micromoles, re- 
spectively. The ratio of glucose disappeared to glucose oxidized 
was 7.2 and 7.0 in the two cases. In the latter case, 87 per cent 
of the glucose which disappeared in excess of that oxidized was 
accounted for as fructose diphosphate. The ratio of moles of 
fructose diphosphate accumulated to moles of glucose oxidized 
was 18.0/3.47 or 5.2. Since the energy required for the formation 
of fructose diphosphate could have come only from the oxidation 
of glucose, at least ten of the hydrogen transfers involved in the 
complete oxidation of glucose must have been ‘coupled’ with 
phosphorylation. 

In experiments with dialyzed kidney extracts (Table II) the 
amount of glucose oxidized by different extracts was quite con- 
stant (the values ranging from 3.8 to 4.5 micromoles of glucose per 
hour). Complete oxidation is indicated by a respiratory quotient 
of 1.0 for glucose and of 1.25 for pyruvate (calculated 1.20) and 
by a theoretical oxygen consumption for the oxidation of the 
latter (2.5 moles of O, per mole of pyruvic acid which disap- 
peared). 

The glucose which disappeared in excess of that oxidized was 
found partly as fructose diphosphate, and partly as lactic acid. 
For example (Experiment 1, Table II) of 16.2 micromoles of glu- 
cose which disappeared, 4.5 micromoles were completely oxidized, 
2.1 micromoles were found as fructose diphosphate, and 7.3 micro- 


* The oxidation of glucose without added succinate in this extract is 
probably due to traces of succinate (or some other dicarboxylic acid) still 
present after a relatively short period of dialysis. Longer dialysis could 
not be employed because it led to inactivation of the heart extracts. 

3 The word “‘coupled”’ is used in a descriptive sense without reference to 
the chemical mechanism involved and it is assumed that each transfer of 
a pair of hydrogen atoms causes the esterification of 1 atom of P. 
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moles were converted to lactic acid; 86 per cent of the glucose 
which disappeared was thus accounted for. 


TaBLe II 


Balances for Glucose and Pyruvic Acid Disappearance in Dialyzed Kidney 
Extract 


1 cc. of extract + 10 micromoles of MgSO, + 1 micromole of adenylic 
acid + other additions as indicated. Initial inorganic P content 50 micro- 
moles. Total volume 1.4 cc. Incubation time 60 minutes. The values 
in the table are expressed in micromoles. 






































Oz consumed lactate P esterified | 
6 g sini g 
- Additions : i, gS se Fe a= fs 
: id) lle ai] [pil st 
i HIN) HN). |) WS 
15 ag 15 a o =} e8 
oy micromoles 
1| None 2.8 
=. ‘ glucose =| | 1.0) 6.9 1.8 
‘| he. 228.4 4.50.99 14.6) 7.3 a 2.1/13.9 
. ieee 
22.2 pyruvate + 6.3 18.4] 6.2 
2succinate {| ——— 
2! None 11.5 1.0 
29.2 glucose + 9.8'36.3) | 4.1/1.01| 5.2| 2.1 6.2° 
2 succinate 
25.5 pyruvate +\\15 9) 43. giia.7) 1.25 
2 succinate | 
3 “4 eae 0.3) 9.1 1.1 
“ 
19.234.0 4.1 8.0) 3.5/11.2) 5.613.2 
¥" A 
26.9 pyruvate +\!15 6! — |36.8/11.1 2.2 
2 succinate 
4]| 2 succinate 9.5 1.7 
— + 24.632.0, | 3.8|  (28.9/11.1) 7.3] 3.7/18.6 
succinate 
54 pyruvate + 18.9 43.5 
2 succinate . : 

















* No estimation of esterified P. 


The lactic acid formation in these extracts (accounting for from 
2.1 to 11.1 micromoles or from 18 to 45 per cent of the glucose 
which disappeared) is due to a secondary reaction in which part 
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of the pyruvic acid formed from glucose is reduced to lactic acid 
by competing with oxygen for the dihydropyridine nucleotide 
(reduced by the oxidation of triose phosphate). The lactic acid 
formation is an aerobic phenomenon; an anaerobic conversion of 
glucose to lactic acid does not occur in kidney extracts. 

The ratio, glucose disappeared to glucose oxidized = 6.5, 
found in one kidney extract (Experiment 4, Table IT) is close to 


TaB_e III 
Coupling of Glucose Phosphorylation with Oxidation of Glutamic Acid 


1 ec. of dialyzed extract + 25 micromoles of NaF + 10 micromoles of 
MgSO, + 1 micromole of adenylic acid + 0.2 micromole of cozymase. 
Initial inorganic P 90 micromoles for kidney extract, 44 micromoles for 
heart extract. Total volume 1.4 cc. Incubation time 60 minutes. 


| P hydro- 














Experiment | Extract Additions O: consumed P esterified | !ysed in 30 
n H3S80; 
micromoles | micromoles micromoles per cont. 
1 | Rabbit 56 glucose 0.9 0 
kidney Pie BL, ” 
35 succinate | 15.5 | e 
56 glucose + | 
| 70 succinate ; we | 69 
| 56 glucose + . 
| | 27 glutamate "8 ot | 
2 | Rabbit 85 succinate | 9.2 | Oe ind 
| at 6S +i wz | 86] @ 
56 glucose | 
85 succinate + 
34 glutamate + 14.9 18.4 | 56 
56 glucose 





the ratio 7.0 found in heart extract (Table 1). The lower ratios 
found in the other kidney extracts may be due to a lack of cou- 
pling of some of the oxidative steps with phosphorylation, a 
possibility which is suggested by the following observation. In 
Experiment 1, Table III, the oxidation of succinate (15.5 and 19 
micromoles of O:, consumed) caused no phosphorylation, even 
though fluoride had been added to prevent dephosphorylation, 
while the oxidation of glutamate (17 micromoles of O2 consumed) 
eaused a marked phosphorylation. The same phenomenon has 
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been observed in a dialyzed heart extract (Experiment 2, Table 
III). In these cases the coupling of succinic acid oxidation with 
phosphorylation was apparently deficient, while the glutamic 
acid oxidation was accompanied by phosphorylation. It follows 
that it must have been the oxidation of glutamic acid either to 
ketoglutarie or to suecinie acid which was linked with phos- 
phorylation. 

Experiment | in Table LV shows that liver extracts are able to 
oxidize glucose; phosphate esters did not accumulate in the 
absence of fluoride. However, a phosphorylation of glucose could 
be demonstrated by adding fluoride and glutamic acid to dialyzed 
liver extract (Experiment 2, Table IV). 


TABLE IV 
Phosphorylation and Oxidation of Glucose in Liver Extract 
The animals were fasted 48 hours. 1 cc. of liver extract + 1 micromole 
of adenylic acid. Total volume 1.4 ce. Incubation time 60 minutes. 
Initial inorganic P 42.5 micromoles. 








Experiment No. } Additions O: consumed P esterified 
micromoles | micromoles micromoles 
1. Undialyzed extract of | None | mea; € 
rat liver | 56 glucose 21.7 0 
2. 4hr. dialyzed extract of) 50 NaF §.2 | 3.9 
rabbit liver '50 “ + 56glucose+| 10.4 | 17.7 


| 
27 glutamic acid 








A rapid phosphorylation of glucose takes place when pyruvate 
or succinate is oxidized by a cell-free brain pulp (Table V). In 
the former case the accumulation of the phosphate ester is as 
large without as with fluoride, whereas in the case of succinic 
acid a large accumulation takes place only when fluoride is pres- 
ent; the reason for this difference is at present unknown. In 
both cases the product of glucose phosphorylation appears, from 
the values for hydrolyzable P and fructose, to be mainly fructose 
diphosphate. A small amount of phosphate ester accumulates 
without addition of glucose when succinate or pyruvate is oxi- 
dized in the presence of fluoride. This ester, which has not been 
identified, is easily hydrolyzable and does not contain fructose. 

In a recent note Ochoa (9) reported a coupling of phosphoryla- 
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tion with pyruvic acid oxidation in brain dispersions with hexose 
monophosphate as P acceptor. 


TABLE V 

Glucose Phosphorylation in Brain Pulp 
10 gm. of rabbit brain + 12 cc. of 0.1 m potassium phosphate (pH 7.7) 
homogenized. 1 cc. of pulp + 0.4 ce. of additions. Initial inorganic P 55 
micromoles. Incubation time 60 minutes. 


Fructose 








Esterifed P anne Fructose 
. ) 1 10 rom 
Additions Or — | ot ~ ae te : este: ified —— 
= | H SO, at as fructose Cor- 
100 ps og Found rected* 
micromoles —_ | —- per cent micromoles — — 
Fixed at once | 0 0 
56 glucose | 16.0 7.4 22 3.7 2.3 5.2 
68 succinate 41.2 | 0 0 0 i | 
91 pyruvate | 36.1 0 | 0 0 = 
| | | 
56 glucose +} | gpg | ge | is | 7a | 34] 77 
68 succinate { 
| | 
po ee | 35.2 | 49.5 23 | 24.7 | 93 | 214 
48 NaF | ame i 32 1.1 0 . Oo 
ae | | 
bs * 2) } 124] 174] 2 | 8.7 | 32] 7.8 
48 NaF + | 31.2 | 68} so | 34/0 | 0 
68 succinate | 
@ Nor + la7.7] 52/ 7 26 | 0 | 0 
91 pyruvate | 
48 NaF + | 
68 succinate + 33.8 | 52.2 | 25 26.1 8.3 | 18.9 
56 glucose | 
48NeaF+ ) | | | 
91 pyruvate + | 20.3 50.5 25 25.2 8.4 19.1 
56 glucose } | 


* Fructose diphosphate gives only 44 per cent of the color given by an 
equivalent amount of free fructose in the Seliwanoff reaction as modified 
by Roe (7). The readings were made with a Summerson (8) photoelectric 
colorimeter, with Filter 54. 





Two new substrates, mannose and adenosine, have been added 
to the list of compounds (10) which can be phosphorylated in 
kidney extract. In Table VI it is shown that, in the presence of 
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NaF, oxidation of succinate causes a very large phosphorylation 
of both glucose and mannose. The product in both cases is 
fructose diphosphate, as indicated by the ratio of esterified P 
to fructose as well as by the hydrolysis values. Since mannose-1- 
phosphate, synthetically prepared, is not converted to mannose-6- 
phosphate by tissue extracts (11), mannose is probably phosphory- 
lated primarily in position 6. Jephcott and Robison (12) showed 
that when mannose is fermented by dried yeast large amounts of 
mannose-6-phosphate accumulate. The mannose-6-phosphate is 
then changed by the enzyme “isomerase’”’ (Lohmann (13)) to 


TaBLe VI 
Phosphorylation of Mannose and Adenosine in Kidney Extract 
1 ec. of dialyzed kidney extract + 1 micromole of adenylic acid + 10 
micromoles of MgSO, + 50 micromoles of NaF + 85 micromoles of sodium 
succinate. Initial inorganic P 50.0 micromoles. Total volume 1.4 ce. 
Incubation time 60 minutes. 





Esterified P ctose 
hy drolyzable Fru 








Additions P esterified in ain. il 
| 100°in w H2SOx | Found |  Corrected* 
micromoles micromoles per cent | micromoles | micromoles 
H,0 1.9 0 
56 glucose 47.4 30 9.7 22.0 
56 mannose 49.7 | 28 ;} 102 | 22.7 


39 adenosine 13.2 34 








* See foot-note, Table V. 


the equilibrium ester of glucose-6- = fructose-6-phosphate, and 
the latter undergoes phosphorylation to fructose diphosphate. 

The product of phosphorylation of adenosine is hydrolyzed 
34 per cent in 10 minutes, indicating that it isa mixture of adeno- 
sine monophosphate (0 per cent hydrolyzable) and adenosine 
polyphosphates (50 to 67 per cent hydrolyzable). Ostern et al. 
(14) described the phosphorylation of adenosine in yeast; it has 
not been observed previously in animal tissues. 

The aerobic phosphorylation of glucose observed in tissue ex- 
tracts probably takes place over the adenylic acid system. As 
demonstrated by Kalckar (10) adenylic acid can take up inor- 
ganic phosphate in kidney extract under aerobic conditions, 
forming adenosine triphosphate. The transfer of the labile phos- 
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phate groups of the latter to glucose could not be demonstrated in 
kidney extract (1, 10), but has now been found to take place in 
heart extract. Of 0.29 mg. of acid-labile P added as adenosine 
triphosphate to 1.4 ce. of a dialyzed pig heart extract in the pres- 
ence of glucose and 0.0002 m iodoacetate, 0.10 mg. was found as 
inorganic P and 0.10 mg. as acid-stable P after anaerobic incu- 
bation for 45 minutes at 37°. In the absence of glucose, 0.22 
mg. of inorganic P and no acid-stable P were formed. 


DISCUSSION 


In the present paper is described a system in which the energy 
for the phosphorylation of glucose is furnished by the oxidation 
of part of the phosphorylated sugar to CO, and H,O; while 1 
molecule of glucose is completely burned in a cell-free and dialyzed 
heart extract, 5 molecules of fructose diphosphate accumulate.‘ 
It is therefore of interest to examine the individual steps in the 
oxidation of glucose which might be expected to cause phos- 
phorylation. The oxidation of glucose is dependent on its phos- 
phorylation which leads to the formation of fructose diphos- 
phate = 2 triose phosphate. The first oxidation is that of triose 
phosphate to glyceric acid phosphate, the formation of which 
has been demonstrated previously in extracts poisoned with fluor- 
ide (1). The second oxidative step involves pyruvic acid and 
requires a catalytic amount of C, dicarboxylic acid. Fluoride, which 
prevents the transformation of phosphoglyceric to pyruvic acid, 
inhibits the oxidation of glucose in tissue extracts. 

The main path of pyruvate oxidation in animal tissues is not 
definitely known; it may involve a condensation with another 
organic acid to a di- or tricarboxylie acid; e.g., pyruvate + 
oxaloacetate — 2H — citrate + CO,. The citrate cycle proposed 
by Krebs (15), which represents one of the possible paths, in- 
volves the following oxidative steps; (a) isocitrate — 2H — a- 
ketoglutarate + COs, (b) a-ketoglutarate — 2H — succinate + 


‘ This corresponds to a coupling of ten of the hydrogen transfers involved 
in the oxidation of glucose with phosphorylation. The ratio of glucose 
disappeared to glucose oxidized is 7 in these experiments. This suggests 
that twelve steps are linked with phosphorylation and that some hexose 
diphosphate disappears again in side reactions (e.g., conversion to lactic 


acid). 
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CO:, (c) succinate — 2H — fumarate, (d) malate — 2H — oxailo- 
acetate. 

The oxidation of citrate and a-ketoglutarate has been shown 
to cause phosphorylation of glucose (1, 16) but the isolated steps 
(a) and (b) have not yet been studied. (c) has definitely been 
shown to cause phosphorylation of glucose (1) and (d) has been 
shown to give rise to phosphopyruvic acid (10). Analogous results 
have been obtained by Belitzer and Tsibakova (17), who described 
the phosphorylation of creatine in minced and washed rabbit 
heart coupled with the oxidation of citrate, a-ketoglutarate, 
succinate, and pyruvate. By means of arsenite, which prevents 
other oxidations, they were able to show that the step succinie — 
fumaric acid may be linked with phosphocreatine synthesis. 

The reaction by which inorganic phosphate is taken up is 
known in the case of glyceraldehyde phosphate oxidation; Negelein 
and Brémel (18) and Warburg and Christian (19) showed that 
the carbonyl group reacts with inorganic phosphate and that its 
oxidation (by diphosphopyridine nucleotide) leads to the forma- 
tion of diphosphoglyceric acid. The phosphate attached to the 
carboxylic group is then transferred to glucose over the adenylic 
acid system, the over-all result being the oxidation of 1 molecule 
of triose phosphate coupled with the esterification of 1 molecule 
of inorganic phosphate. Lipmann (20) has recently shown that 
the carbonyl group of pyruvic acid reacts with inorganic phos- 
phate and then undergoes oxidation, yielding acetyl phosphate 
which serves as phosphate donor cover the adenylic acid 
system. The mechanism of the phosphorylation coupled with 
the first two steps of glucose oxidation is thus fairly well under- 
stood. Whether a similar mechanism exists at later stages of 
glucose oxidation has not been investigated.® 

The complete oxidation of 1 molecule of glucose involves the 
removal of twelve pairs of hydrogen atoms. Since 10 moles of 
P can be esterified during this process, it might be concluded 
that the efficiency of the phosphorylation observed here is prac- 
tically maximal. However, as Belitzer and Tsibakova (17) 
have pointed out, the possibility remains that not only the pri- 

*The oxidation of a-ketoglutarate to succinate, which is analogous to 


the oxidation of pyruvate to acetate, would yield succinyl phosphate as 
the primary oxidation product. 
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mary removal of hydrogen from the substrate but also the fur- 
ther steps in the transfer of hydrogen from pyridine, thiamine, 
etc., to oxygen, may be linked with phosphorylation. If this 
were the case, the ten phosphorylating steps observed here would 
be only a fraction of the total number of phosphorylations which 
might be linked with glucose oxidation. Belitzer and Tsibakova, 
in support of the latter view, have found that the uptake of 1 
atom of O can be associated with the esterification of from 2 to 
3.5 atoms of P in minced heart muscle. Ochoa (21) has shown 
that in brain extracts, when pyruvate is oxidized, 2 atoms of P 
can be esterified per atom of O consumed, whereas when succinate 
is oxidized the ratio is 1:1. Similarly, in heart extract, we 
have found ratios higher than 1 with pyruvate as substrate, and 
ratios of 1 or lower with succinate as substrate. 

The “aerobic glycolysis” which is observed in kidney extracts 
might be due to several factors. The reaction between triose 
phosphate and pyridine nucleotide may occur faster than the 
reaction of dihydropyridine with flavoprotein — cytochrome 
system — oxygen; this would permit pyruvate to act as H ae- 
ceptor, a reaction which is dependent on the activity of the lactic 
dehydrogenase. The oxidation of pyruvate may be slow, so that 
it accumulates in sufficient amounts to compete with oxygen as 
H acceptor. Which of these possibilities is realized has not been 
investigated. The basic reaction here, as in heart extract, is the 
esterification of 5 to 6 molecules of glucose for each molecule of 
glucose burned; the lactic acid formation is a secondary reaction. 

In the simplified system represented by tissue extracts the 
energy derived from oxidations, if it is used at all, ean be used only 
for phosphorylations, since other reactions which require energy 
do not occur. In the normal cell, under aerobic conditions, 
hexose diphosphate does not accumulate and lactic acid is not 
formed; this means that the energy derived from oxidations in- 
stead of being used exclusively for the transfer of phosphate to 
glucose is diverted to a variety of other cellular functions.* This 
is merely an expression of the regulatory function of the cell which 
permits it to direct the flow of energy into various channels. The 

* Glucose, in order to be converted to glycogen, must first be phos- 


phorylated; in this case a considerable part of the oxidative energy may be 
used for glucose phosphorylation. 














SE ae =~ — 








Colowick, Kalekar, and Cori 355 


aerobic glycolysis which occurs in “damaged” cells may be due 
to a derangement of this regulatory function which results in the 
utilization of a greater percentage of oxidative energy for glucose 
phosphorylation. 

SUMMARY 


1. Extracts of heart muscle and kidney oxidize glucose to carbon 
dioxide and water. For 1 mole of glucose which is completely 
burned, an additional 6 moles of glucose disappear, 5 of which 
are identified as fructose diphosphate in experiments with heart 
extract. This indicates that at least ten of the hydrogen transfers 
involved in the complete oxidation of glucose are linked with 
phosphorylation. In kidney extracts, which exhibit no anaerobic 
glycolysis, aerobic glycolysis occurs; 7.e., a large part of the hexose 
diphosphate formed from glucose is changed to lactic acid. From 
70 to 90 per cent of the glucose which disappears is accounted for 
in these experiments with heart and kidney extract. 

2. The oxidation of glucose in these extracts is preceded by 
phosphorylation and follows the path triose phosphate — phos- 
phoglycerate — pyruvate -» CO, + H,O. The oxidation of 
glucose is prevented by fluoride, which inhibits the transformation 
of phosphoglycerate to pyruvate. The oxidation of pyruvate 
requires catalysis by the succinic-fumaric system and since 
glucose is oxidized over pyruvate it also requires a catalytic 
amount of fumaric acid for its oxidation. 

3. Liver extracts are able to phosphorylate and to oxidize 
glucose. In the presence of fluoride and glucose, hexose diphos- 
phate accumulates when glutamic acid is used as the oxidizable 
substrate. In brain extracts a phosphorylation of glucose to 
fructose diphosphate, linked with the oxidation of pyruvate or 
succinate, has been demonstrated. 

4. The oxidation of succinate leads to the phosphorylation of 
mannose and adenosine in kidney extracts; the former is converted 
to fructose diphosphate, the latter to a mixture of adenylic acid 
and adenosine polyphosphate. 

5. An anaerobic transfer of the labile phosphate groups of 
adenosine triphosphate to glucose in the presence of monoiodo- 
acetate has been demonstrated in heart extract. 

6. The relation of these findings to the utilization of oxidative 
energy in the cell is discussed. 
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The authors are indebted to Mrs. Mary 8. Welch for assistance 
in the experimental work. 
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SOME ADDITIONAL OBSERVATIONS ON THE 
SPECIFICITY OF CHOLINESTERASE 


By DAVID GLICK 
(From the Laboratories of the Newark Beth Israel Hospital, Newark) 


(Received for publication, September 14, 1940) 


As an extension of previous investigations (1, 2) concerning the 
specificity of cholinesterase, the present study deals with the 
effect upon enzymatic hydrolysis of variations in the chain length 
of the acid component of choline esters. 

It is known from earlier work (3, 1) that increasing the normal 
chain length from 2 to 4 carbon atoms results in increased enzyma- 
tic and decreased alkaline splitting. However, nothing has been 
reported concerning the hydrolysis of the successively higher mem- 
bers of the series. It was shown (1) that the dl-caproyl-8-methyl- 
choline chloride is hydrolyzed, enzymatically, over 4 times as fast 
as the corresponding acetyl ester, while the latter undergoes non- 
enzymatic scission at a rate over 4 times that of the former. In 
the same communication it was reported that isovaleryl-8-di- 
methyl-y-homocholine iodide was hydrolyzed over 3 times as 
fast as the corresponding acetyl derivative, while the non-en- 
zymatic splitting of the latter was about 1.5 times that of the 
former. 

In this paper the preparation and hydrolysis of the*esters of 
the normal 5-, 6-, and 7-carbon acids will be described as well as 
the succinic and maleic acid derivatives. Of these, to the author’s 
knowledge, only valerylcholine has been prepared previously. 
The 8-bromoethy] esters serving as intermediates for the prepara- 
tion of the choline esters have not been described before, and these 
as well as the choline ester chloroplatinates have also been pre- 
pared. 


EXPERIMENTAL 


The manometric method with the Warburg apparatus and horse 
serum as the source of enzyme was employed for the hydrolysis 
studies as already described (1). 
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8-Bromoethyl Esters—These were prepared by refluxing an 
excess of the acid anhydride with ethylene bromohydrin on a 
steam bath. The oily product was washed in a separatory funnel 
with cold water, treated with cold NazCO; solution followed by 
cold CaCl, solution, and then dried with anhydrous Na,SO,. 
Final purification was effected by vacuum distillation (Table I). 
The esters were all colorless oils with the exception of the maleate 
which was a colorless solid. The latter compound was purified 
by four crystallizations from absolute alcohol. 

Choline Bromide Esters—-The appropriate 8-bromoethyl ester 
was added to an excess of anhydrous (CH;);N in dry benzene. 
The cooled reactants were placed in a brown glass tube which was 
kept in a salt-ice bath; the tube was sealed, and allowed to stand 


TaBLe I 
Preparation of 8-Bromoethyl Esters 





Fraction collected by 
pGuacdieiaun vacuum distillation Percentage Br 











| Temperature | Peete Theory | Found 
| e. om. Hg 
REE Actvisptecscavesscts Ra 2 ae 38.2 38.4 
EE see] 124-126 | 23 35.8 35.9 
Heptoate....... idphves ta cwacet ee 24 33.7 33.5 
OREO... 2... ccanaa dees ie 216-217 26 48.1 48.0 
Maleate......................+.{ 66 (m.p.)) 48.4 | 48.4 





at room temperature for 2 days protected from direct light. 
Crystals of the choline ester salt which formed were washed with 
dry ether, dissolved in absolute alcohol, and precipitated by addi- 
tion of dry ether. This process was repeated two times; the 
final product was quickly filtered off by suction, and dried in a 
vacuum desiccator over P:O;. The esters of the monobasic acids 
are deliquescent, but those of the dibasic acids are not. 

In some cases addition of ether to the alcoholic solution of the 
choline ester yielded an oil instead of the solid. It was found that 
if acetone were substituted for the alcohol, ether precipitation 
gave solids. Hence the final precipitation was made from acetone 
solution in the cases of caproate, heptoate, and succinate. 

It may be seen from the analytical data in Table II that the 
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Br content of the heptoate is above the calculated value, while 
the caproate and valerate contain Br in more nearly the theoretical 
percentage. The impurity responsible is relatively rich in Br, 
is less soluble than the desired compound, and can be removed to 
a great extent by discarding the first material precipitated by the 
ether. However, it could not be completely eliminated even after 
repeated fractional precipitations. Fortunately, the impurity 
had little effect upon the hydrolysis studies, under the conditions 
employed, since fractions containing a higher percentage of the Br 
were split at approximately the same rates as the purer compounds. 
For example, a fraction containing 30 per cent Br was split by the 
enzyme at a rate corresponding to the liberation of 118 c.mm. of 
CO, compared to 125 c.mm. for the fraction containing 28.3 
per cent. 


TaB.e II 
Preparation of Choline Bromide Esters and Their Chloroplatinates 














Percentage Br | Percentage Pt 

Choline bromide ester . asiatiiatietecad” M.p. of Pt salt 
Theory Found Theory | Found 

¥ : Cc. 

Valerate........ 29.8 | 30.6 2 24.9 | 24.7 
Caproate 28.3 | 29.0 | 204-206 | 24.0 | 24.7 
Heptoate ...| 27.0 | 28.3 | 198-200 | 23.2 | 23.3 
Succinate 35.5 | 35.5 | 222 (decomposed) | 28.0 | 27.3 
Maleate. . ......| 35.7 | 35.0 | 230 . | 28.0 | 28.4 





The choline ester bromides, rather than the chlorides, were 
prepared because of the greater tendency of the latter to form 
oils difficult to purify. 

Choline Ester Chloroplatinates—These salts were prepared from 
PtCl, and the choline ester bromides. As indicated in the pre- 
ceding paper (2), an excess of PtCl, results in displacement of 
the halogen from choline ester bromides or iodides, yielding the 
compounds, PtCl&N(CH;);CH:;CHzOCOR]), and PtCli(N- 
(CH;);CHsCH,OCO).R’], corresponding to esters of mono- and 
dicarboxylic acids respectively. Each chloroplatinate was pre- 
cipitated by mixture of the absolute alcohol solutions of the two 
reactants. The precipitate was washed repeatedly with absolute 
alcohol and finally with dry ether, and the product was dried in 
vacuo over P2Os. 
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DISCUSSION 


The effect upon both enzymatic and alkaline hydrolysis of in- 
creasing the number of carbon atoms in the n-acyl group is ap- 
parent from Fig. 1. It might be pointed out that in an earlier 
communication only slight enzymatic scission was observed with 
the 16-carbon acyl ester when a suspension of this rather insoluble 
compound was tested (1). 

The values for the hydrolysis of the succinyl- and maleylcholine 
esters, compared to acetylcholine, are given in Table III. A 
possible explanation of the weaker enzyme action in these cases 


e50/- 
e00 
=y 
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IS 
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Fic. 1. Enzymatic and non-enzymatie hydrolysis of n-acyl choline 
esters. ©, enzymatic scission corresponding to the left-hand scale of 
ordinates. X, non-enzymatic scission corresponding to the right-hand 
scale of ordinates. The ordinates are expressed as c.mm. of CO, liberated 
in 30 minutes at 30° in a total volume of 4 ml. containing | per cent sub- 
strate and 0.5 per cent horse serum. Data for the esters of the 2-, 3-, and 
4-carbon acids were taken from an earlier paper (1). 











is that the proximity of the two acyl groups in the molecule con- 
stitutes a steric configuration that makes it difficult for active 
centers on the colloidal enzyme particles to come into contact 
with the ester linkages they are to affect. Apparently the un- 
saturated ester is split faster. 

One might expect that those choline esters more rapidly hy- 
drolyzed by cholinesterase would exhibit weaker or at least more 
transient biological effects on tissues containing this enzyme. 
That this is not necessarily the case, however, was demonstrated 
with the acetyl esters of thiocholine and two of its derivatives 
(2). Another example is to be found in the data given in this 
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paper when compared with the biological effects of acetyl-, 
propionyl-, butyryl-, and valerylcholine reported by Chang and 
Gaddum (4). These workers found that the effect on blood pres- 
sure of the rabbit decreased as the molecular weight of the ester 
increased, and that the same was true for the effect upon con- 
traction of the isolated rabbit intestine. Were there a correlation 
between enzymatic scission and physiological response, the butyryl 
compound would have produced less effect than the valeryl ester. 
Furthermore, enzyme action appears to play no rdle in the activity 
of the esters on frog rectus muscle, since Chang and Gaddum found 
little difference in effect with or without the presence of eserine, 
and eserine practically abolishes cholinesterase activity. Ad- 
ditional lack of correlation is seen in the fact that propionyl- 
choline elicited the strongest response from frog rectus muscle. 


TaBLe III 
Effect of Additional Structural Changes on Hydrolysis of Choline Esters 


Hydrolysis (30 min., 30°, 4 ml. 
total volume, | per cent 
substrate), c.mm. CO: 








Ester ge ae 
Non-_ ‘Enzymatic (0.5 
enzymatic per cent serum) 
a = - a — —— _———- 
Acetylcholine chloride...... 13 100 
Succinylcholine bromide 27 4 
Maleylcholine bromide 120 13 


In the case of leech muscle, propionylcholine was less potent in 
producing contractions than either acetyl- or butyrylcholine. 


SUMMARY 


The 6-bromoethy! and choline bromide esters of valeric, caproic, 
heptoic, succinic, and maleic acids were prepared, as well as the 
chloroplatinates of the choline esters. 

From previous data plus those presented in this paper, it follows 
that enzymatic scission of n-acyl choline esters increases with 
lengthening of the hydrocarbon chain to the butyryl compound, 
and decreases thereafter. The esters of the dicarboxylic acids 
are split relatively slowly; the succinyl compound was hydrolyzed 
at a slower rate than maleylcholine. 
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In regard to the n-acyl choline esters from acetyl to valeryl 
inclusive, there appears to be no relation between the enzymatic 
hydrolysis found in this work and the biological effects reported 
by Chang and Gaddum (4). 
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Although a variety of methods for determining riboflavin has 
been proposed and numerous assays on a wide range of biological 
material carried out, very few data are available regarding the 
riboflavin content of the blood and urine of various animal species, 
and especially of human subjects. This is probably attributable 
in part at least to the difficulty of estimating accurately the small 
amounts of riboflavin in these materials. 

The present paper reports a study of, first, the applicability 
of the bacterial method of Snell and Strong (1) to blood and urine, 
second, some observations on the amount of riboflavin found in 
the blood and urine of human adults and of several animal species, 
and third, the effect of varied intake on the urinary excretion of 
riboflavin by the human. 


EXPERIMENTAL 


The assays were carried out by the bacterial method as pre- 
viously described (1). The samples were diluted to a convenient 
volume, and suitable aliquots pipetted directly into the culture 
tubes. For bloods this dilution was usually 5- to 10-fold. The 
samples were preserved during the interval between collection and 
analysis by adding small amounts of toluene and chloroform (or 
thymol in a few cases) and placing them in a cold, dark place. 
Control experiments indicated that in the quantities used these 


* Published with the approval of the Director of the Wisconsin Agri- 
cultural Experiment Station. 

t Wisconsin Alumni Research Foundation Fellow. 
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preservatives had no influence on the assay. Alkalinity in the 
urine samples was avoided by addition of 3.0 cc. of glacial acetic 
acid to each 24 hour sample as it was collected. The necessity of 
this precaution was demonstrated by the loss of approximately 50 
per cent of the riboflavin from a urine of pH 8.5 to 9.0 during 3 
days storage in the refrigerator. 

Bloods—When whole, hemolyzed blood was assayed as above, 
the incubated assay tubes contained a large amount of red-brown, 
fibrous solid matter, which made titration difficult, and apparently 
altered the normal growth of the bacteria, since low results were 


Tasie I 
Microbiological Determination of Riboflavin in Blood and Urine 








‘ ; . Riboflavin 

: : Diluted solu- | Titration, 0.1 
Material and preparation en eiten | = alkali oie : 
Per tube Per gm. sample 








ce. per tube ec. per tube 


7 Y 

Oxalated dog blood; | 1.0 4.1 0.112 1.12 

diluted 10 times and 1.0 4.0 0.109 =| 1.09 

allowed to hemolyze 1.5 5.5 0.165 1.10 

1.5 5.3 0.158 | 1.05 

2.0 6.4 0.200 1.00 

2.0 6.2 0.192 0.95 

Human urine; diluted | 1.0 1.8 0.050 0.50 
10 times with water 1.0 1.9 0.053 0. 

2.0 3.0 0.093 0.47 

2.0 2.7 0.082 0.41 

4.0 5.7 0.190 0.48 

4.0 5.3 0.175 | 0.44 


obtained on tubes containing over 0.2 cc. of blood. However, 
concordant and reproducible values were obtained by using less 
than this amount of blood per tube, and titrating in the presence 
of a large amount of indicator. For this purpose a brom-thymol 
blue solution of 5 times the usual strength was used. Alterna- 
tively the precipitate was filtered off, washed, and the filtrate 
titrated. The agreement at different levels is indicated by the 
data in Table I. 

The results of such assays on a variety of blood samples are 
recorded in Table II. Each figure is the average of values from 
duplicate tubes at three different levels. Assays on ten samples 
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of blood obtained over a 6 week period from an additional human 
subject showed 0.42, 0.51, 0.48, 0.53, 0.40, 0.45, 0.43, 0.48, 0.44, 
and 0.54 y, with an average of 0.47 y per ce. respectively. 
Evidence for the validity of the results in Table II was obtained 
by recovery experiments on whole blood. On ten samples of 
human blood recoveries of added riboflavin as determined by 
direct assay were 126, 108, 103, 124, 106, 106, 106, 98, 116, and 88 
per cent respectively. Each figure is the average result from six 


TaBLeE II 
Riboflavin Content of Bloods 
All figures are in micrograms per cc. of whole blood. 























Sample | Hog | cot | Rat | Dog Human 
1 | 1.03, 0.87, | 0.46, 0.60, | 0.41 | 1.08, 0.83; | 0.51, 0.51, 
0.93, 0.91, | 0.63, 0.56, (0.96)* 0.54; 
| 1.00; 0.52, 0.55, | (0.52)* 
| 0.95)" 0.52: | 
(0.55)* | 
= 0.43 0.43 | 0.91 0.50, 0.54; 
| (0.52)* 
3 0.39 0.51 | 1.00 0.43 
a. | 0.41 | 1.08, 0.92; | 0.49 
|  (1.00)* 
Average | 0.95 0.44 | 0.45 | 0.97 0.49 











* These figures were obtained by repeated assays on samples of whole 
oxalated blood which were kept in a refrigerator and preserved by the 
addition of approximately 0.1 cc. of chloroform per 100 cc. of blood. Some 
of the above determinations were made as long as 2 months after the sample 
had been collected. The figures in parentheses are averages. 


assay tubes. Similar experiments on animal bloods gave the 
following per cent recoveries: calf blood 121, 128, 132, 114, 118, 
101; hog blood 121, 128; rat blood 99, 116; dog blood 105 and 136. 
It is apparent that the recoveries, especially on the animal bloods, 
were somewhat too high. 

Attempts to separate the riboflavin from the bulk of the blood 
solids by an extraction procedure were at first unsuccessful. Auto- 
elaving with as high as 50 volumes of water, or with various con- 
centrations of acid, and centrifuging off the insoluble material after 
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neutralization yielded extracts containing variable amounts of 
riboflavin, but never more than about half of the total amount 
present in the original blood as determined by direct assay. Re- 
peated washing of the insoluble matter or attempts to elute with 
0.1 Nn HCl-methanol (1:1) gave only traces of additional riboflavin. 
Furthermore, when pure riboflavin was added to whole blood and 
attempts made to extract it as described above, low and variable 
recoveries ranging from 50 to 93 per cent resulted. 

A preparation showing substantially the amount of riboflavin 
indicated by direct assay was, however, obtained from a sample of 
blood by the following procedure. A mixture of 15 cc. of human 
blood, 100 ec. of water, and 1 ce. of 10 per cent HCI was centrifuged 
1 hour, and the supernatant liquid decanted from the small gummy 
precipitate. The supernatant was stirred 4 hour with 2 gm. of 
Lloyd’s reagent, centrifuged, and the adsorbent combined with 
the above precipitate. The filtrate, which still contained the bulk 
of the blood solids, contained no riboflavin, and when known 
amounts of riboflavin were added to it, quantitative recoveries 
were obtained. The combined adsorbent and precipitate were 
found to contain riboflavin equivalent to 0.64 y per cc. of the 
original blood. Direct assay of the blood gave 0.54 y per ce. 

Urines—Preliminary experiments to establish the validity of 
the bacterial determination of riboflavin in urine are summarized 
in Table III. The photolysis was accomplished by exposing a 
1 em. layer of basified urine (pH 9.0) for 48 hours at a temperature 
of 25° or less to light from a 100 watt bulb at a distance of 25 cm. 
This treatment destroyed over 95 per cent of the riboflavin origi- 
nally present. Photolysis at neutrality in the presence of chloro- 
form as an antiseptic was attempted, but only 75 per cent of the 
riboflavin was destroyed in 72 hours. The adsorption on Lloyd’s 
reagent was carried out by stirring 100 cc. of acidified urine (pH 
2.0) for 1 hour with 2 gm. of the adsorbent and filtering. Over 98 
per cent of the riboflavin was thereby removed. In this connec- 
tion it was found that riboflavin adsorbed on Lloyd’s reagent could 
be very successfully assayed by adding the adsorbate directly to 
the assay tubes. 

It will be noted that riboflavin added to whole urine was quanti- 
tatively recovered, and furthermore that known amounts were 
accurately determined in the presence of urine from which the 
riboflavin had been removed by photolysis or adsorption on 
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Lloyd’s reagent. No difficulty was experienced in obtaining con- 
cordant results at different levels (Table I). It therefore seems 
very probable that the bacterial assay provides reliable values for 
the riboflavin content of urine. 

In order to ascertain the urinary excretion of riboflavin by 
normal adults, assays were made on a number of 24 hour samples 


Tape III 
Determination of Riboflavin in Urine 





> 13 | Highest | Riboflavin | 
Sam- Urine analyzed Riboflavin y= 


























ple ra ae oe _ , eee el ae 
No. | Species | Preliminary treatment | assay tube | Added | Found 
ce. ¥ percc.| y per cc. | per cent 
1 | Human, 24hr.| None 0.20 1.02 
| samples ve | 0.10 1.00 | 2.00 | 98 
2 | | 0.50. | 0.34 
| | 0.31 
a 0.30 | 0.25 | 0.59 | 106 
“ 0.30 | 0.33 | 0.67 | 104 
| Photolyzed 1.00 | 0.01 
« 0.50 | 0.20 | 0.20 | 100 
| Adsorbed on 4.00 | 0.002 
|  Lloyd’s reagent 
" - 2.50 | 0.033 | 0.0382) 96 
3 | | None 0.20 | (0.71 | 
} « | 0.05 | 1.0 | 1.71 | 100 
4 | Guinea pig | “ | 0.10 2.10 
Bolu | 0.05 2.0 4.28 107 
| Photolyzed | 2.00 0.12 
° | 1.00 | 0.10 | 0.22 | 100 
5 | None | 0.10 1.50 
| Lie | 0.05 | 2.00 | 3.36 | 93 
6 | Dog mm, | 0.10 1.50 
7 | co 0.10 2.50 


obtained from University students and faculty. The results are 
collected in Table IV. 

A study was also made of the urinary riboflavin excretion of four 
young college women on a diet supplying known amounts of the 
vitamin. This diet was planned for the primary purpose of study- 
ing nitrogen balance in human subjects.!. Each member of the 


1 This experiment was under the direction of Professor M. 8. Reynolds 
of the Department of Home Economics. 
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“diet squad’”’ consumed a constant, weighed quantity of the food, 
so that the daily protein intake was 25 gm. The results are 
summarized in Table V. Urinary excretions on an unrestricted 
diet can be seen in Table IV. The experimental diet was eaten 
by each subject for 3 days before any urine samples were collected. 
During most of the experimental period the urines were assayed 
only every 2 days, consecutive 24 hour samples being pooled. It 
should be noted, however, that the results in Table V are expressed 
as micrograms ingested or excreted per 24 hours. On the 16th 
day 2 mg. of pure riboflavin were given orally, and on the 17th 


TaBLe IV 
24 Hour Urinary Excretion of Riboflavin by Human Adults on Unrestricted 
Diets 
Sub- ' Excre- Subject 3 Excre- Subject . Excre- 
rc om tion No. naae tion No. om tion 
Y Y Y 
1 Male 750 7 Female 576 ll Female 477 
2 Female 530 s Male 480 il “ 630 
3 - 667 9 Female 680 1] x 2248T 
4 | - 684 10 “ 550 12 _ 602 
5 = 480 11 = 587 12 y 697 
6 5AT 11* ” 704 12 7 780 


12 ‘ 833 


* Samples collected on different days from the same subject are indicated 
by repetition of the subject number. The subjects were selected from 
University students and faculty. 

t Approximately } pound of beef liver was ingested by Subject 11 on 
this day. 


day, 5 mg., and during this period the urine samples were analyzed 
daily. The intakes were in each case determined by bacterial 
assays on representative portions of the diet. 

Blood riboflavin determinations were carried out on Subjects 
3, 4, and 5 on the 15th day, and the values 0.33, 0.35, and 0.29 
y per gm. respectively were found. 

The response of several other normal human subjects and of 
several clinical patients to oral administration of pure riboflavin 
is shown in Table VI. Normal excretions of Subjects 1, 2, and 11 
have already been given in Table IV. Of the clinical patients, 
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TaBLe V 
24 Hour Urinary Excretion of Riboflavin on Controlled Diets 
Blood riboflavin determinations were carried out on Subjects 3, 4, and 
5 on the 15th day, and the values 0.33, 0.35, and 0.29 y per gm. respectively 
were found. 














| @ubjets | Subjecté | Subjects | Subjeste 
Days es —| saiealidenein 

_ Intake |E Exeretion | Intake | Excretion “Intake "| Excretion | Intake | Exeretion 

— | ? | Y he Ca. | o¥ | 7 | 7 | 7 

1,2 | 1653) 560 | 1653; 320 1464 | 320 | 1464| 380 
3,4 | 1653; 460 | 1653| 300 | 1464 | 360 | 1464| 920 
5,6 | 1653, 290 | 1653, 150 | M64 | 240 | 1464) 270 
7,8 | 1180; 146 | 1258; %& 1258 76 | 1125; 196 


11,12 | 1130; 74 | 1258) 56 | 1258 | 54 | 1125| 76 
13,14 | 1927| 118 | 19388 92 | 1869 | 104 

15 1927 | 120 | 19388) 154 | 1869 | 

16* 3927 | 560 | 3938 440 | 3869 | 380 | 
17t 6927 | 3780 | 6938 | 3280 | | 
18 1927) 560 | 1938 470 | 


| 
| 
| 
9,10 | 1130} 102 | 1258) 98 | 1258 | 78 1125 132 
| 














*2 mg. of riboflavin were administered orally at 9.00 : a.m. 
t 5 mg. of riboflavin were administered orally at 6.00 p.m. 
































TaBLe VI 
24 Hour Urinary Excretion of Pure Riboflavin Administered to Human 
Subjects 
Ist day | 2nd day | 3rd day | tin day 
Subject) aeons Re oO ae 
No. aig | x Exereted eda Exereted net | Ait | Excreted ted | Ma ne 
as ee fiaeniinediine 
pilow rr Y ail Y es . heater tile 
1 | 5000 | 4250 5000 | 3190 | nS 1510 | None | 1110 
2 | 5000 | 4720 | 5000 | 4500 = | 1090 “ | 870 
11 | None | 587 | None | 704 | | 
ll a 700 “ 770 | 5000 | 3300 | 5000 | 1940 
my ees ge p rent iogy | | 
3| « | @w| « | 50 | 5000 | 1180 | 5000 | 2640 
uw | | sa | 6000 | 1760 | e000 | 4680 | 6000 | 5520 
15 | 3000 | 220 | 3000 | , 3000 | 2324 | 3000 | 798 
16 | 4000 | 364 | 4000 | 106 | 4000 98 | 





*In addition to dietary intake. 
t Sample lost. 
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Subject 14, age 29, was suffering from a skin disease diagnosed as 
pemphigus; Subject 15, age 47, was an achondroplastic dwarf with 
a history of malnutrition; and Subject 16, age 18, was in the 8th 
month of pregnancy and was suffering from congenital syphilis, 
nausea, vomiting, and malnutrition. The urinary riboflavin out- 
put of Subject 14 was followed for approximately 3 weeks prior 
to the initiation of riboflavin therapy, and found to average 250 y 
per 24 hours (extremes 98 to 399 7). One 24 hour sample from Sub- 
ject 15 obtained 2 days before the riboflavin therapy was started 
contained 57 y of riboflavin. Subject 13 was an apparently 
normal young woman whose urinary riboflavin excretion on her 
usual diet was abnormally low (see Table VI, 1st and 2nd days). 


DISCUSSION 


Since assays on blood in which over 0.2 cc. of the blood was 
added per tube usually gave lower results than the values obtained 
on quantities less than 0.2 ce., some doubt existed as to which 
figure should be trusted. It was for this reason that attempts 
were made to separate the riboflavin from the bulk of the blood 
solids so as to obtain preparations easy to assay. The attempt 
was successful in one case, and the riboflavin content of the prepa- 
ration was found to be close to that determined directly on the 
whole blood. The failure of the simpler extraction procedures is 
understandable in view of the high protein and low riboflavin 
content of blood. The probability that more riboflavin was 
actually present than could readily be extracted was strengthened 
by the observation that added riboflavin was also not quantita- 
tively extracted by similar procedures. It is believed that the 
above evidence, the successful recovery of added riboflavin (at 
least in human bloods), and the good agreement at different levels 
below 0.2 cc. per tube indicate that the direct bacterial assay of 
blood furnished a reliable measure of the riboflavin present. 

All the human bloods assayed contained in the neighborhood of 
0.5 y of riboflavin per gm., except in the case of the three subjects 
on restricted riboflavin intake. Rat and calf bloods contained 
about as much of the vitamin as the human blood, while the 
amount found in dog and hog bloods was about twice as high. 
Very few values are available in the literature to compare with 
these results. Ochoa and Rossiter (2) found 50 to 65 y of allox- 
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azine-adenine dinucleotide per 100 cc. of rat blood, a figure equiva- 
lent to 0.20 to 0.27 y of riboflavin per cc. Fraser et al. (3), using 
the bacterial method of assay, found the blood of rats and dogs 
on normal diets contained 0.22 and 0.63 y of riboflavin per cc. 
respectively. However, they regarded the results as of question- 
able value because of substances in the bloods which inhibited 
growth of the bacteria. 

The daily urinary excretion of riboflavin by normal human 
adults appears to be of the order of 500 to 800 y on unrestricted 
diets. This value rapidly decreased to 50 to 150 y on a dietary 
intake of 1 to 2 mg. of riboflavin per day in the case of four normal 
young women. These data would appear to indicate that such 
an intake of riboflavin is at best no more than marginal, and 
perhaps insufficient satisfactorily to supply the daily requirement. 
When extra amounts of riboflavin (2 to 5 mg. per day) were given 
orally to normal persons, the bulk of it was promptly excreted 
(Table V), but in the case of several individuals whose urinary 
excretion suggested a low level of riboflavin nutrition this response 
was delayed or absent (Tables V and VI). 

Previous studies of urinary riboflavin excretion have yielded 
similar results. Helmer (4) reported excretions of 120 and 175 
Bourquin-Sherman units in the pooled 24 hour urine samples of 
two persons. If 1 Bourquin-Sherman unit is regarded as equal to 
3 of riboflavin, these figures are equivalent to 360 and 525 y 
respectively. The assays of Roscoe (5) probably measured other 
B vitamins as well as riboflavin. Emmerie has reported values 
ranging from 276 to 1250 y in several normal human urines (6). 
Fraser et al. (3) and Vivanco (7) found sharp decreases in the 
urinary excretion of dogs and rats on lowered intakes, and increases 
followed the administration of riboflavin. Emmerie (6, 8) has 
made similar observations on several human subjects. 


SUMMARY 


1. The applicability of the bacterial riboflavin assay method to 
blood and urine has been established. 

2. The content of riboflavin in the blood and urine of normal 
individuals of human and other species has been determined. 

3. The response of urinary excretion of riboflavin to increased 
and decreased intakes has been studied. 
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By E. L. R. STOKSTAD, H. J. ALMQUIST, E. MECCHI, 
P. D. V. MANNING, anv R. E. ROGERS 
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(Received for publication, September 16, 1940) 


In a previous publication (1) evidence was presented to show 
that the growth-stimulating effect of polished rice or cartilage 
could be duplicated by two substances, glycine and chondroitin, 
fed jointly. Each of these compounds was found necessary for 
the optimal growth of the chick. Further evidence (2) was ob- 
tained which showed that the active constituent of chondroitin 
is glucuronic acid. We have also found that a number of other 
substances are able to serve as the carbohydrate moiety of the 
“rice factor.’””’ These include certain vegetable gums, pentoses, 
and hexuronic and hexonic acids. 


Methods and Resulis 


The basal diets varied somewhat as the work progressed simul- 
taneously in both laboratories. These modified diets, which dif- 
fered in minor respects in composition of the salt mixture, kind 
of vegetable oil, and nature of the principal energy source, were 
found to yield similar results when compared. The following 
diet is representative: water-washed fish meal 15.0, water- 
washed casein 10.0, gelatin 5.0, salts 4.5, brewers’ yeast 10.0, 
sardine oil, fortified, 0.5, soy bean oil 5.0, cerelose (glucose) or starch 
and sucrose to 100.0, hexane extract of dried alfalfa equivalent 
to 1 per cent. 

White Leghorn chicks were used as the experimental animals. 
They were housed in electrically heated, wire-floored, metal bat- 
tery brooders. The experimental test period varied from 2 to 

373 














Ss 
Se lng 





es 


374 Carbohydrate Component of Rice Factor 


4 weeks. When the shorter periods were used, they were preceded 
by a 1 or 2 week depletion period during which chicks were fed 
only the basal diet. Eight to twelve chicks were used in each 
group. Glucuronic acid was prepared by the method of Quick 
(3). The other supplements were commercial products which 
were in some cases tested by polariscope. The growth of chicks 
receiving each of the supplements was expressed in per cent of the 
growth made by chicks fed only the basal diet. This permits a 
comparison of data obtained in different series of tests. The re- 
sults are summarized in Table I. 


























Taste I 
Activity of Various Supplements As Sources of Carbohydrate Component of 
Rice Factor 
care | lalg 
Supplement is 3 a Supplement ” s é 
Plald fie! 
per | per | (per | per 
cent | cent cent cent 
None... 15 | 100) d-Arabinose 0.5) 4 | 121 
Gum arabic. 5| 4 | 128) l-Arabinose........ .| 0.5) 3 | 11 
Moe el | (1 | 5 | 125 
Sodium alginate....... 2, 4 118 d-Ribose.... ....| 0.5} 1 | 1085 
Gum tragacanth | 5! 3) 80 Rhamnose ae 0.5) 1 | 100 
Pectin. . | 2} 2| 95, Glucuronie acid*....| 0.5) 1 | 129 
d-Xylose. . .| 1| 8 | 113) Caleium gluconate. . | 2 | 3 | 12 
oe | 8] 6) 14 onus @ | 2 
| | | Galactonic lactone....1 | 2 | 130 





* Other data on glucuronic acid have been previously reported (2). 


After glucuronic acid had been found effective in promoting 
growth, vegetable gums known to be rich in uronic acids were 
tested. Gum arabic which contains 14 per cent glucuronic acid 
(4) and sodium alginate which yields on hydrolysis approximately 
90 per cent mannuronic acid (5) were found effective. As gum 
arabic also contains large amounts of l-arabinose, and since uronic 
acids can be decarboxylated to pentoses, it seemed possible that 
the latter might also promote growth. It was subsequently found 
that d-xylose, d-arabinose, and I-arabinose all caused a growth 
response. Calcium gluconate and galactonic acid lactone were 
similarly effective. 
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On the other hand, gum tragacanth and pectin, which contain 
33 and 67 per cent of combined galacturonic acid, respectively 
(6), gave no increases in growth. Probably the growth-promot- 
ing effect of any one of these gums will depend on its digestibility 
in the chick, as well as on composition. 

Generally, the supplements most effective at the lower levels 
have been d-glucuronic acid and d-arabinose. Glucuronic and 
mannuronic acids can be regarded as interchangeable on the basis 
of acommon enolic form. The conversion of either of these into 
arabinose would be a complicated process, although possible. 
There is a simpler theoretical relation between gluconic and galac- 
tonic acids and arabinose. By decarboxylation of these two acids, 
5-carbon alcohols are produced which on oxidation of a terminal 
group can yield arabinose. 


The authors are greatly indebted to Dr. J. J. Eiler and Dr. C. 
Entenman for assistance in the preparation of glucuronic acid, 
to Merck and Company, Inc., for the d-ribose, to the Keleo Com- 
pany for the sodium alginate, and to the California Fruit Growers 
Exchange for the samples of pectin. Technical assistance in the 
Division of Poultry Husbandry was obtained through the Work 
Projects Administration under Official Project No. 65-1-08-91, 
Unit B6. 


SUMMARY 


A number of substances were found capable of serving as the 
carbohydrate component of the “rice factor’’ for chicks. These 
include gum arabic, sodium alginate, glucuronic and gluconic acids, 
galactonic lactone, arabinose, and xylose. 
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A STUDY OF CHOLESTEROL ESTERASE IN LIVER AND 
BRAIN* 


By WARREN M. SPERRY anp FLORENCE C. BRAND 
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(Received for publication, August 13, 1940) 


In 1916 Bloor (1) called attention to the possibility that cho- 
lesterol may take an active part in fat metabolism, and in recent 
years he has inclined to the view that fatty acids are transported 
in part as cholesterol esters (2). This hypothesis has recently 
been vigorously supported by Schramm and Wolff (3) on the basis 
of evidence concerning cholesterol esterases: the presence of 
esterifying factors in serum (4) and in pancreas (5, 6), and the 
discovery of a cholesterol ester-hydrolyzing factor, active at 
pH 5.3, in liver and other tissues by Klein (7). Schramm and 
Wolff concluded from this evidence that cholesterol-esterifying 
systems are present in extracellular spaces (blood stream, intestinal 
lumen) and hydrolyzing systems within the cells, and they ad- 
vanced the hypothesis that fatty acids are esterified with choles- 
terol in the intestinal lumen before absorption into the cells of the 
mucosa! and that fatty acids are carried from the blood into 


* Some of the experiments were carried out in the Chemical Laboratory 
of the Babies Hospital, with the aid of a grant from the Carnegie Corpora- 
tion of New York. 

' Because of his finding that a large part of ingested free cholesterol 
could be recovered in the thoracic chyle as cholesterol esters (8) and that 
free cholesterol was esterified on incubation with pancreas in the presence 
of fat (5), Mueller suggested that the esterification of free cholesterol with 
fatty acids in the lumen of the intestine might be of fundamental impor- 
tance in absorption of cholesterol. Brockett, Spiers, and Himwieh (9) 
concluded from their finding that a marked rise in cholesterol in the 
lymph accompanies the increase in fatty acids following fat feeding that 
cholesterol aids in the absorption of fatty acids, probably by forming esters 
with the fatty acids in the intestinal lumen. 
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tissue cells as cholesterol esters. It was implied that this is the 
major, if not the sole, mechanism for the transport of fatty acids 
into cells. If proved to be tenable, this hypothesis is manifestly 
of fundamental importance in lipid biochemistry. 

There can be no doubt of the existence of a cholesterol-esterify- 
ing factor in blood serum. We have found it in all species studied 
and the finding has been verified in several other laboratories, 
Further evidence for the presence of an esterifying factor in the 
pancreas has been supplied in the present study with the Sym (10) 
technique in which non-aqueous solvents are employed. 

The experiments described in this communication are of interest 
chiefly in their bearing on the third piece of evidence on which the 
hypothesis of Schramm and Wolff was based; 7.e., the presence of 
a cholesterol ester-hydrolyzing factor in tissue cells. They were 
undertaken originally because of the following consideration: if 
the esterification of cholesterol takes place continuously in the 
blood serum in vivo as it does in vitro (4), there must be a continu- 
ous flow of cholesterol esters from the serum into the tissues, and, 
since cholesterol esters do not normally accumulate in the tissues, 
the latter must contain active cholesterol ester-hydrolyzing sys- 
tems. Most of the work was carried out on two tissues, the liver 
because of its well known active lipid metabolism, and the brain 
because of its unique position in containing the largest average 
concentration of cholesterol of any organ and no cholesterol 
esters. 

The experiments with liver yielded two positive results. (a) 
On incubation of emulsions or suspensions of liver an esterifica- 
tion of cholesterol occurred. (6) In mixtures of the same prepar- 
ations with blood serum there was hydrolysis of cholesterol esters. 
Both reactions took place in the same pH range on the acid side 
of neutrality. The latter result represents a qualitative confirma- 
tion of Klein’s findings (7); but we were unable to demonstrate 
the high activity of liver preparations in hydrolyzing the choles- 
terol esters of blood serum reported by him, and our results indicate 
that the enzyme has an optimal activity at a considerably lower 
pH than he stated. 

Several investigators (11-14) have reported the presence of & 
cholesterol ester-hydrolyzing factor in liver, but Mueller (15) 
and Wendt (16) were unable to find it. Our results together with 
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those of Klein (7) show beyond doubt that such a factor occurs in 
liver and thus appear to support the hypothesis of Schramm and 
Wolff. However, the finding that a cholesterol-esterifying system 
is also present in liver complicates the picture and thus tends to 
weaken the argument which they have advanced. 

Our inability to obtain any evidence for the presence of cho- 
lesterol esterase i rain does not favor the hypothesis of Schramm 
and Wolff. It is possible of course that the enzyme is more 
labile in this organ than in liver and that we have not hit upon the 
proper conditions for its action, or, most likely, it is of very low 
activity, as might be anticipated from the very slow rate of turn- 
over of cholesterol in adult brain (17). Furthermore, if the brain 
synthesizes its own fatty acids (17), cholesterol esterase would not 
be needed for the mechanism proposed by Schramm and Wolff. 

One of the outstanding facts of cholesterol biochemistry—the 
constancy of the proportion between combined and free cholesterol 
in blood serum (18)—is difficult to correlate with this hypothesis. 
For, if fatty acids are carried largely as cholesterol esters, one 
might expect changes in the ratio during periods of intensive 
fatty acid metabolism, as during the absorption of fat. Schramm 
and Wolff (3) explained the constancy of the proportion by as- 
suming that the cholesterol, set free from cholesterol esters coming 
into the cells from the serum, is returned to the serum for re- 
esterification. This mechanism may provide an adequate explana- 
tion under physiological conditions, but in diseases such as 
hypothyroidism and nephrosis in which changes of several fold 
in the total cholesterol concentration of the serum may take place 
within a few days, it might be expected that this equilibrium would 
break down. However, in the absence of secondary factors such 
as infection, no significant variation in the ratio of combined to 
free cholesterol occurs. Some mechanism besides that proposed 
by Schramm and Wolff must be involved in maintaining the 
equilibrium during such episodes. 

Except for the hydrolysis of cholesterol esters in dog serum in 
the presence of bile salts (19) reactions catalyzed by cholesterol 
esterases proceed at a very slow rate. If cholesterol took such 
an active part in the transport of fatty acids as is suggested by 
Schramm and Wolff, one might expect to find more active choles- 
terol esterases in animal tissues. 
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EXPERIMENTAL 


The general procedure consisted in incubating at 37-38° various 
tissue preparations (emulsions, extracts, slices, etc.) either alone 
or with substrates, usually blood serum. Total and free choles- 
terol concentrations were determined before and after incubation 
(20). At least two (frequently three or four) replicate determina- 
tions were carried out in most experiments. As many of the 
preparations were difficult to pipette, total cholesterol determi- 
nations were subject to considerable error. All calculations of 
percentage esterification or hydrolysis were based, therefore, on the 
ratio of combined to free cholesterol which is independent of 
errors in measuring the sample. pH was determined with the 
glass electrode apparatus of Rosebury (21) or the Beckman in- 
strument which were checked frequently against standard buffers. 
Sodium ethyl mercurithiosalicylate was used as a preservative 
throughout the investigation. 

Experiments with Tissue Emulsions. Liver—Rat livers were 
emulsified in approximately 4 volumes of water with the apparatus 
of Potter and Elvehjem (22) and incubated. The pH decreased 
from a starting level of 6.4 to 6.9 to values which varied consider- 
ably from rat to rat. The early results showed considerable 
esterification of free cholesterol and suggested that the degree of 
esterification increased as the pH decreased. Attempts to control 
the pH by making emulsions in buffers were unsuccessful; no 
esterification occurred, perhaps because such emulsions were un- 
stable. The pH was varied to some extent by fasting some of the 
rats before they were killed and by adding different amounts of 
glucose to one of the emulsions (Rat 8). The results (Table I), 
which are tabulated in order of increasing pH, show that a signifi- 
cant esterification of cholesterol usually occurred and that there 
was some tendency for the degree of esterification to be greater in 
the emulsions with the lower pH values. In the hope of increasing 
the esterification nine emulsions were agitated during incubation 
by rotation in test-tubes on a wheel. Significant esterification 
occurred (6.9 to 36.7 per cent) but a comparison of rotated and 
non-rotated portions of the same emulsion showed a considerable 
inhibition of the esterifying factor by agitation. 

To rule out the possibility that the esterifying factor of blood 
serum was responsible for the finding emulsions were prepared 
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from liver which had been perfused with saline until the perfusate 
was colorless and from liver slices which had been washed eight 
times with Krebs’ solution. Esterification occurred as in un- 
treated liver preparations. Furthermore, we have confirmed 
Klein’s (7) finding that no esterification occurs in serum buffered 
to pH _ 5.3. 

Twenty rat liver emulsions were mixed with equal parts of 
blood serum (rat or human) and incubated. No esterification 
occurred and in all but two of the mixtures some hydrolysis of 
cholesterol esters took place (maximum 32.7 per cent, average 
11.4 + 8.0 (s.p.) percent). The large variation bore no apparent 
relation to the final pH which ranged from 4.05 to 6.63. Two 


TaBLe I 
Esterification of Cholesterol in Liver Emulsions 


Time of pH at Time of pH at Esterifica- 





, Ksterifica- : 
- as — a | tion - - = A tion 
days | per cent days | per cent 

i 2 3.95 19.3 8 3 4.92 | 6.2 
9 3 4.40 32.5 8 | 3 5.00 | 3.9 
10 3 4.49 27.9 8 | 3 | 504 | 8.1 
8 3 4.58 15.1 > | fs {em oe 
8 3 jo |. $8 ( 28 7's © Sa) we 
2 4 4.61 7.9 | 4 2 5.58 | 8.9 
8 3 4.79 13 | 6 3 | 5.88 | 5.0 

ll 3 27.2 


4.83 ° | | 


| 


| 


samples of liver were emulsified directly in blood serum and 
incubated. No esterification or hydrolysis occurred. (The 
final pH was 5.38 and 5.30.) Other experiments with liver emul- 
sions will be described in the section on tissue extracts below. 

Brain—Emulsions of brain were prepared as described for 
liver, except that a somewhat larger proportion of water or buffer 
solution (5 to 10 volumes) was used, and incubated. In seven 
emulsions of mouse brain in water and twenty-two emulsions of 
rat brain with and without buffers no esterification of cholesterol 
occurred. The pH ranged from 4.33 to 7.68. 

No hydrolysis of cholesterol esters could be demonstrated in a 
series of experiments in which rat brain emulsions were incubated 
with blood serum. 
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Experiments with Tissue Extracts. Saline Extracts of Liver —We 
have repeated the experiments of Klein (7) on the livers of several 
animal species and have confirmed his findings qualitatively, 
except in the rat (Table 11). However, hydrolysis of cholesterol 
esters of the magnitude reported by him (70 to 100 per cent with 
beef liver extracts) was not approached. A possible reason for 
the discrepancy was our use of centrifugation in accord with our 
interpretation of Klein’s statement that the organ extracts were 
prepared “‘in the usual way” without further specification. Such 
centrifuged extracts contain much less cholesterol than apparently 
was supplied to the mixtures by Klein’s preparations,’ and it seems 
likely, therefore, that Klein employed tissue suspensions, decanted 


TaBLe II 


Hydrolysis of Cholesterol Esters by Saline Extracts of Liver in Mixtures 
with Blood Serum 





Hydrolysis of cholesterol esters 


Animal | oa. | pH* ba 

| | Minimum | | tenienen Average* 

| | percent | percent per cent 
Beef......... ae | 5.38+0.07 | 6.4 | 22.9 | 14.5 + 5.6 
Dog.. 6 | 5.30+ 0.08 | 2.5 10.8 6. 5 + 3.3 
oR | 11 | 5.41 + 0.21 | 0.0 4.7 2.2 + 1.8 
RE 8 | 5.274008) 7.5 | 24.7 | 14.24 5.4 
Sheep....... 6 | 5.388200 8.1 10.3 8.8 + 0.9 





*The standard deviation was calculated from the equation ¢ = 


Vzd*/(n — 1). 





from the sand without further treatment. This interpretation 
was borne out by experiments with such suspensions prepared 
from five rat livers. In contrast with the negative results with 
centrifuged extracts there was an average hydrolysis of 19.4 + 
5.4 (s.p.) per cent (minimum 13.4, maximum 24.8). 

Since Klein obtained the greatest hydrolysis with beef liver, 
we repeated our experiments with this species, using both un- 
centrifuged suspensions and centrifuged extracts from the same 
preparations. In addition emulsions in distilled water were 
prepared as described in the preceding section from the same 


*It is difficult to interpret Klein’s data, as he refers to the total 
cholesterol in the mixtures as serum cholesterol. 


























W. M. Sperry and F. C. Brand 383 


samples of liver and substituted for the suspensions in identical 
experiments. The emulsions and uncentrifuged saline suspen- 
sions were also incubated alone for 3 days. (The mixtures with 
serum and buffer were incubated 1 day (7).) One cat liver was 


TABLE III 


Effect of Liver Suspensions, Extracts, and Emulsions on Synthesis and 
Hydrolysis of Cholesterol Esters 


Beef Liver 1 | Beef Liver 2 | Beef Liver 3 | Beef Liver 4 












































Mixture . . 
pH | Hydroly-| oH araly- pH -< pH araly- 
sis sis sis 
per cent per cent per cent per cent 
Suspension + serum + 
buffer...... ..|5.41) 23.57 |5.38) 33.1/5.41) 37.1)5.42) 24.3 
Suspension + serum + 
acid bufferf...... ....|4.71) 44.0 4.68) 35.4 
Centrifuged suspension + 
serum + buffer.........|5.43) 32.0 |5.41| 27.3)5.31) 24.9)5.42) 19.4 
Emulsion + serum + 
buffer...... p-44 43.9 (5.48) 30.8)5.48) 24.0)5.44| 19.7 
Suspension alone 3.80|—21.7 |3.80'—26.2)4.92/—35.4/3.33) 0 
Emulsion alone........ 13.34/—30.5 |4.09)/—28.2/3.69|—31.7|3.23| —27.3 
Beef Liver 5 | Beef Liver 6 Cat liver 
Suspension + serum + 
buffer...................|5.43} 31.6 (5.28! 38.9/4.71| 28.9 
Centrifuged suspension + 
serum + buffer.... .. 5.39} 27.9 (5.41) 34.2)5.41] 32.9 
Emulsion + serum + 
buffer....... .. 15.49) 27.7 (5.45) 50.2/5.49) 58.9 
Suspension alone..... .. 18.54) —24.3 
Emulsion alone........... 3.62|—30.5 |3.72|—22.8)4.53)—32.7 





*A minus sign indicates esterification instead of hydrolysis. 
t Duplicate experiments agreed poorly. 
t The buffer was made with 2 Nn instead of 1 n HCl (see text). 


included in the series. In five of the seven experiments (Table 
III) there was more hydrolysis with the suspensions than with 
the centrifuged extracts but the differences were small and it is 
impossible to conclude that any one of the three preparations 
studied (suspensions, extracts, and emulsions) was superior to the 
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others. In no instance were values found of the magnitude 
reported by Klein. An esterification of cholesterol occurred in 
emulsions incubated alone (see the preceding section), and the 
same reaction took place to about the same degree (except with 
Beef Liver 4) in the saline suspensions. 

The buffer employed by Klein (2.0 cc. of 2 N sodium acetate, 
1.4 ee. of 2 N HCl, and 0.6 cc. of water) has a pH of 4.2 and in 
mixtures with liver extract and serum in the proportion stated it 
gives a pH of about 4.7. A buffer made as described by Klein 
with the substitution of 1 nN for 2 N HCl gives a pH of about 5.3 in 
the mixtures and, since Klein referred throughout to a pH of 5.3 
as that of maximal hydrolysis, we used this buffer in our work. 
Because of our failure to obtain the high degree of hydrolysis 
reported by Klein, a buffer made as described by him with 2 n 
HC! (acid buffer (Table II])) was employed in two of the fore- 
going experiments. In one (Beef Liver 4) the hydrolysis was 
increased at the more acid pH; in the other (Beef Liver 1), though 
the result was not conclusive, there was no evidence for a con- 
siderably smaller degree of hydrolysis at pH 4.7, as would be 
expected from the curve published by Klein. Hence, suspensions 
of three rat livers were incubated with the buffers made with 1 N 
and 2 nN HCl, respectively. The hydrolysis was approximately 
twice as great with the more acid buffer. 

Saline Extracts of Brain—Extracts of rat brain, prepared ac- 
cording to Klein and centrifuged, did not hydrolyze cholesterol 
esters of blood serum in experiments like those reported with 
liver extracts in Table II. 

Glycerol Extracts of Liver and Brain—No appreciable change in 
the ratio of combined to free cholesterol occurred on incubation of 
glycerol extracts of rat liver and brain with blood serum. 

Experiments with Tissue Slices. Liver—Liver slices were im- 
mersed in Tyrode’s solution and incubated for 1 or 2 days. The 
results were inconsistent, showing a small but significant esteri- 
fication of cholesterol in two of seven experiments and no change, 
or questionable hydrolysis of cholesterol esters, in the others. 
No evidence for the presence of an active cholesterol esterase was 
obtained in experiments in which liver slices were incubated in 
blood serum. 

Brain—No formation of cholesterol esters occurred in brain 
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slices incubated in Tyrode’s solution or blood serum. The 
esterification of free cholesterol proceeded normally in the serum 
in the presence of the slices. 

Enzymatic Esterification of Cholesterol in Carbon Tetrachloride— 
Sym in a series of papers which have attracted little attention 
reported marked enzymatic esterification in non-aqueous media. 
Acids and alcohols of low molecular weight were employed in most 
of his experiments, but brief reference is made (23) to the esterifica- 
tion of cholesterol with butyric acid or oleic acid in carbon tetra- 
chloride solution in the presence of a dried pancreas preparation 
and bile salt. This finding was confirmed in experiments of 
which the following is typical. 

To 1 ce. of a solution of cholesterol (0.5 mM) and of butyric acid 
(0.5 mM) in carbon tetrachloride were added 80 mg. of dried, de- 
fatted pancreas, prepared according to Sym (10), and 0.1 ec. of a 
15 per cent solution of sodium taurocholate in water. The mixture 
was sealed in a small test-tube and agitated by rotation on a wheel 
in the incubator (37-38°) for 3 days. 65.2 per cent of the cho- 
lesterol was esterified. The same result was obtained with glyco- 
cholate instead of taurocholate. The taurocholate was a 
Hoffmann-La Roche preparation of satisfactory purity according 
to the criteria of Cortese and Bashour (24). The glycocholate 
was purified according to Cortese’s directions.’ It was necessary 
to dilute the solutions 2500 times for analysis by our method. 
Considerable error was thus introduced in the total cholesterol 
determination; but this made no difference in the interpretation 
of the results, since, as in all of this work, calculations were based 
on the ratio of combined to free cholesterol. 

In experiments like that described cholesterol was about 30 
per cent esterified with palmitic acid and about 40 per cent with 
oleic acid. No hydrolysis of cholesterol palmitate occurred under 
the same conditions. With minced fresh pancreas instead of the 
dried preparation there was no esterification of cholesterol with 
butyric acid or hydrolysis of cholesterol palmitate. 

Our hope that the Sym procedure would be a valuable tool in 
studying cholesterol esterase in tissues other than pancreas (25) 
was not realized. Dried, defatted powders were prepared from 


* We are indebted to Dr. Frank Cortese for much helpful advice in the 
purification of bile salts. 
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rat and cat livers and brains with the procedure used in making the 
pancreatin, and substituted for pancreatin in experiments like 
the one described. There was no esterification even when the 
amount of dried tissue was increased from 80 to 400 mg. The 
same result was obtained with sodium glycocholate. The prep- 
arations did not hydrolyze cholesterol palmitate. 


SUMMARY 


1. The presence in liver of a cholesterol-esterifying system, 
active over a wide pH range on the acid side of neutrality, was 
demonstrated by incubating emulsions of liver made in water or 
suspensions made by grinding with sand and physiological saline. 
The factor was shown to be different from the esterifying enzyme 
of blood serum; the reaction took place in blood-free preparations 
and there was no esterification of cholesterol in serum in the acid 
pH range in which the liver esterification occurs. 

2. The same emulsions and suspensions caused hydrolysis 
of cholesterol esters when incubated with blood serum. 

3. Cholesterol was esterified with fatty acids on incubation 
in carbon tetrachloride solution in the presence of acetone- 
extracted, dried pancreas and sodium taurocholate or glycocholate. 
No hydrolysis of cholesterol palmitate occurred in similar experi- 
ments. Under the same conditions preparations from liver showed 
no cholesterol esterase activity. 

4. No evidence for the presence of cholesterol esterase in brain 
was obtained in similar studies. 

5. The bearing of the results on the hypothesis that fatty acids 
are transported as cholesterol esters is discussed. 
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For many years it was generally believed that peptidases were 
specific for one optical form of the substrate which they attacked. 
The reports of Kégl and Erxleben (1) concerning the existence of 
d-amino acids in tumor proteins stimulated the search for proteo- 
lytic enzymes possessing the ability to hydrolyze substrates con- 
taining d-amino acids. 

d-Peptidases have been reported to occur in the blood serum of 
humans with cancer by Waldschmidt-Leitz et al. (2,3) but other 
workers (4-6) have obtained negative results. Hydrolyses of 
d-peptides by extracts of tumor tissue have been reported in some 
cases (4, 7) but not in others (8). It has also been claimed that 
d-peptidases can be produced in the blood of rats by the injection 
of racemic dipeptides (3). 

We have been unable to repeat the observations of Waldschmidt- 
Leitz and Mayer (2) concerning the equal rate of hydrolysis of the 
d and | forms of leucylglycine by human cancer sera, or the arti- 
ficial production of any considerable amount of d-peptidases in 
blood sera of rats by the injection of a racemic dipeptide (3). 
Both normal and cancer sera appear to be able to hydrolyze d-pep- 
tides very slowly, but this is not particularly significant, since 
many normal and cancer tissue peptidase systems can also do 
the same. 

While tissue extracts from animal sources have been found to 
hydrolyze d-leucyl peptides only slowly, extracts from some bac- 


* Published with the approval of the Director of the Wisconsin Agricul- 
tural Experiment Station. 
This work was supported in part by a grant from the Wisconsin Alumni 


Research Foundation. 
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teria have the ability to split the d form almost as rapidly as the 
l form. The presence of d-peptidases is therefore not charac- 
teristic of tumor growth. Furthermore, previous theories of the 
optical specificity of certain peptidases (9, 10) cannot be assumed 
to be applicable to all types of peptidases. 


Methods 


Blood serum was obtained from rats by centrifuging clotted 
blood immediately after withdrawal from the animal. Human 
cancer serum was prepared by centrifuging clotted samples of 
blood obtained from patients suffering from stomach cancers.! 
A peptidase extract from Flexner-Jobling rat carcinoma tissue 
was made as follows: active carcinoma tissue was carefully sepa- 
rated from normal and necrotic tissue, ground with sand, sus- 
pended in 2.5 times its weight of aqueous glycerol (20 per cent 
by volume), and allowed to extract without pH adjustment for 
20 hours at 2°. The extract was clarified by centrifugation. 

Injections of racemic peptide were carried out as follows: 1 ce. 
of 3 per cent dl-leucylglycine was injected into the tail vein of 
each rat three times weekly; at various intervals, one or two ani- 
mals were sacrificed for serum analyses. A group of mice was 
injected subcutaneously with 0.2 cc. of 3 per cent dl-leucylglycine 
per mouse three times weekly, and again analyses for d-peptidases 
in the serum were made at intervals. 

Peptidase preparations were obtained from Bacillus megatherium, 
Clostridium butylicum, Leuconostoc mesenteroides, and Pseudomonas 
fluorescens by autolysis of cells which had been alternately frozen 
and thawed. Bacillus megatherium was grown as previously 
described (11). Clostridium butylicum was grown on a 1 per cent 
glucose, 0.5 per cent tryptone medium for 24 hours at 37°. A 
medium was used for Leuconostoc mesenteroides which gave 5 times 
the enzyme and cell yield previously obtained (12). It consisted 
of 3 per cent malt sprouts extract, 1 per cent solubilized liver 
(13), 1 per cent glucose, and 1.5 per cent of hydrated sodium 
acetate. The organism was grown in this medium for 24 hours 
at 37° and then separated out by centrifugation. Pseudomonas 
fluorescens was grown for 42 hours at 30° with aeration in a medium 


1 We are indebted to Dr. H. P. Rusch of the McArdle Memorial Labora- 
tory, University of Wisconsin, for these samples. 
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containing inorganic salts, 0.05 m glucose, and 0.02 mM ammonium 
chloride. 

For hog erepsin, a fresh aqueous extract of hog intestinal mucosa 
was used; for chick erepsin, an aqueous glycerol (10 per cent 
glycerol by volume) extract of intestinal mucosa was used. Pepti- 
dase preparations were made from dried ground malt by aqueous 
extraction and from brewers’ yeast by collecting the autolysis 
juice from pressed yeast which had been frozen and thawed alter- 
nately. This juice was dialyzed 4 hours before use. 

Details concerning the substrates and methods used to deter- 
mine the activity of the enzyme preparations have been given in 
a previous paper (14). Racemic substrates were always present 
in M/15 concentration and others in M/30 concentration. The 
pH was 8.0 + 0.2 in all cases. In the case of dl mixtures, per 
cent hydrolysis of one linkage of one component is indicated. 
Experimental values have been corrected for enzyme blanks when 
this was necessary. Toluene was added as a preservative when 
the hydrolysis time exceeded 8 hours. 


Results 


In Table I are included the data obtained with one sample of 
serum from a human patient with advanced gastric cancer. 
Essentially the same results were obtained with sera from two 
other patients with stomach cancer. It may be seen that the 
dl forms of the leucyl peptides were hydrolyzed slowly, but no 
hydrolysis of the d forms could be detected. The peptidase 
activity varied as much as 3-fold in the three samples, but such 
differences are not peculiarly characteristic of tumor growth (6). 

Sera from normal rats and rats with Flexner-Jobling carcinoma 
have been investigated, but, again, d-leucylglycine was split 
extremely slowly ; the dl form was split at least 300 times as rapidly. 

In the case of the extract from rat carcinoma tissue, no detect- 
able hydrolysis of d-leucylglycine was obtained unless an activator 
such as Mn ions was present. The dl-peptide was hydrolyzed 
135 times as rapidly as the d form. 

Sera from rats injected in the tail vein with dl-leucylglycine 
were analyzed after three, seven, nine, twelve, and twenty-one 
injections, but in no case was d-leucylglycine or d-leucyldiglycine 
hydrolyzed more rapidly than at one-twentieth the rate of the 
dl forms; the usual rate was very much slower than this. 
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A pooled serum sample from seven mice which had received 
seven subcutaneous injections of dl-leucylglycine hydrolyzed dl- 
leucylglycine at least 55 times as rapidly as the d form. 



































TaBLe I 
d-Peptidase Activity of Serum and Tumor Preparations 
En ag obtlai 
|zyme in | Hydrolysis 
3c. | Time of 
Source Substrate — Fadl ae tales 
— . 2. | 0.001 
| tare | “or MnO, 
| ee. | Ars. |per cent par cond 
Human cancer serum dl-Leucylglycine | 0.5 | 21 16 22 
| d-Leucylglycine 0.75 | a 1 @ fas 
| dl-Leucyldiglycine | 0.5 8 20 26 
: d-Leucyldiglycine 0.5 22 | -2 | 
Normal rat serum dl-Leucylglycine (0.75 | 0.75 | 30 64 
| d-Leucylglycine | 0.75 | 20 0 
Rat tumor “ | dl-Leucylglycine | 0.75 | 0.75 | 40 70 
| d-Leueylglycine 10.75/20 | 41] 6 
“ carcinomatissue| dl-Leucylglycine 0.10 1 | 20 | 30 
d-Leucylglycine 0.75 | 18 0 | 30 
TaBie II 
Hydrolysis of d-Leucylgiycine by Various Peptidase Systems 
g Hydrolysis | 
En- | 3 — 2 
zyme in 2 so | 2 2 | 5 
Source Substrate | a | g . % 3 | 3 
| ton | S| F | a] 8 | pS 
| —. > 3 - + 3g 
} ture F - = . 33 
eu | |e | 4 So | 8.|8_ 
| 
| ce | hrs. | pond pan pal 
Malt dl-Leucylglycine | 0.75'1 | 44 | 50) 60 | 
d-Leucylglycine | 0.75/23 | 6 | 27 | 43 | 32 
Brewers’ yeast | dl-Leucylglycine | 0.10 | 0.5 | 78 | 
d-Leucylglycine | 0.40 13 | 5 | 58 | 32 
Hog erepsin dl-Leucylglycine 0.10 | 0.5 | 45 | 
d-Leucylglycine 0.75 \3 | O 8 | 34 | & 
Chick erepsin dl-Leucylglycine | 0.03 0.67 40 28 
d-Leucylglycine | 0.60/1.5| 6 74 80 2 








* 0.001 m MnSO, plus 0.003 m cysteine. 
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Tasxe III 
Hydrolysis of d-Peptides by Bacterial Peptidases 
g Hydrolysis 
En- 3 2 
wea in 2 - > *%» 3 
Source Substrate reac- g = % ; gz 
to | 2 | = | 3 e= 
mele lal ais la 
8 -_ 
Ayeiaal® 
Bacillus mega- | dl-Leucylglycine 0.3 |0.5) 0 0 | 20 
thertum d-Leucylglycine 0.56 | 1.0) 0 0 47 1.4 
dl-Leucyldiglycine | 0.2 |0.5| 5 | 81 34 
d-Leucyldiglycine | 0.75 | 3.0; 0 26 | 29 
Clostridium bu- | dl-Leucylglycine 0.3 |0.5| 8 | 25t/| 92 
tylicum d-Leucylglycine 0.75 | 2.0) 2 | 48t| 40 | 23 
dl-Leucyldiglycine | 0.10; 1.0} 4 | 24 | 62 
d-Leucyldiglycine | 0.10 | 2.5 | 4 30 | 5.2 
Leuconostoc mes- | dl-Leucylglycine 0.20 | 1.0 | 30 | 42¢ | 22 
enteroides d-Leucylglycine 0.75 |13 3 | 56¢ | 16 | 36 
dl-Leucyldiglycine | 0.14 | 0.5 | 38 | 32 | 37 
d-Leucyldiglycine | 0.30 | 0.5 | 36 16 | 2.2 
Pseudomonas flu- | di-Leucylglycine 0.20; 1.0/ 52 | 78 | 49f 
orescens _ d-Leucylglycine 0.80'1.0|) 3 0 | 20T| 16 








* 0.001 am MnSO, plus 0.003 m cysteine. 
t 0.001 m CoCl, was present instead of MnSQ, or Mn pluscysteine. 
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Fic. 1. Effect of pH on hydrolysis of d-leucyldiglycine by Leuconostoc 
mesenteroides cell autolysate. 
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The slow hydrolysis of d-leucylglycine by various sera is not at 
all remarkable, since many peptidase systems can split this peptide 
slowly, as shown in Table II. It may be seen that peptidases of 
malt, hog intestinal erepsin, chick erepsin, and yeast are all capable 
of hydrolyzing d-leucylglycine about one-thirtieth to one-sixtieth 
as rapidly as the dl form, provided suitable activators are present. 

Whereas peptidases from tumor sera and normal and tumor 
tissues do not appear to possess any unusual powers of splitting 
d-peptides, enzyme preparations from some microorganisms do 
have the ability to hydrolyze d-leucyl peptides almost as rapidly 
as the / forms. This is illustrated in Table III. Bacillus mega- 
therium peptidases hydrolyze d-leucylglycine very rapidly and 
Leuconostoc mesenteroides and Clostridium butylicum peptidases 
hydrolyze d-leucyldiglycine very rapidly. In all cases except 
the splitting of d-leucyldiglycine by Leuconostoc mesenteroides, 
activators are necessary for maximum rates of hydrolysis. 

In the case of Leuconostoc mesenteroides, the pH optimum 
for the hydrolysis of d-leucyldiglycine has been found to be at 7.8 
(Fig. 1). Preliminary attempts to separate the enzymes splitting 
the I and d forms of leucyldiglycine have not been successful, so 
that the number of enzymes involved cannot be stated. 


SUMMARY 


1. Sera from rats with Flexner-Jobling carcinoma and from 
humans with gastric cancer were unable to hydrolyze d-leucyl 
peptides at any appreciable rate, but were able to split dl-leucyl 
peptides. 

2. Significant amounts of d-peptidases could not be artificially 
produced in rat serum by repeated injection of dl-leucylglycine 
into the tail vein. Subcutaneous injections of the same racemic 
peptide into mice also failed to produce d-peptidases in any amount 
in mouse serum. 

3. Peptidases from chick mucosa, yeast autolysate, and malt 
are able to split d-leucylglycine about one-thirtieth as rapidly as 
dl-leucylglycine in the presence of suitable activators such as Mn 
or Mn-cysteine. 

4. Peptidases from Leuconostoc mesenteroides and Clostridium 
butylicum are able to hydrolyze d-leucyldiglycine at least one-fifth 
to one-half as rapidly as dl-leucyldiglycine. Peptidases from 
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Bacillus megatherium and Pseudomonas fluorescens hydrolyze dl- 
leucylglycine only 2 to 16 times as fast as d-leucylglycine. 
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A SIMPLE METHOD FOR THE QUANTITATIVE DETER- 
MINATION OF PREGNANEDIOL IN HUMAN URINE 
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Since the discovery by Venning and Browne (1) of sodium preg- 
nanediol glucuronidate in human urine and the perfection of a 
quantitative method for its determination by Venning (2) this 
compound has received wide attention because of its close relation 
to the metabolism of the corpus luteum hormone. This subject 
has recently been reviewed by Marker and Hartman (3). It is 
apparent from conflicting results in the literature that difficulties 
have been encountered in measuring the excretion of the sodium 
pregnanediol glucuronidate complex. During the menstrual cycle, 
when only small amounts of the material are present in the urine, 
the identity of the final product is sometimes questionable, Fur- 
thermore, spontaneous hydrolysis of the complex to free preg- 
nanediol during the period of collection may occur. The resulting 
inconstant recoveries are particularly noticeable in hot weather, 
when refrigeration is not available. This latter difficulty was met 
by Bucher and Geschickter (4) who, using a modification of Hart- 
mann and Locher’s (5) method as developed by Weil (6), were 
able to recover the free pregnanediol from the acetone used in the 
Venning procedure. The total excretion was estimated by adding 
this moiety to that recovered in the combined form. However, 
wide application of such methods is limited by the technical diffi- 
culties involved. With these factors in mind, a procedure has 
been developed which is sufficiently simple and accurate that it 
may be applied to routine clinical use. It involves three steps: 
(1) liberation of free pregnanediol by acid hydrolysis of the urine 
in the presence of toluene, (2) the separation of most of the impuri- 
ties from the toluene extract by the precipitation with alcoholic 
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alkali, and (3) the final quantitative crystallization of the pure 
pregnanediol from aqueous alcohol. 


Method 


Urine specimens are collected, with a few drops of toluene as 
a preservative. The entire 24 or 48 hour volume or a suitable 
aliquot thereof is used. As 1 liter is a convenient amount, the 
figures given in the following steps are for this volume of urine; 
proportional amounts are used with other volumes. In some non- 
pregnancy urines, when very small amounts of pregnanediol are 
to be determined, 2 or 3 liter volumes should be taken, while 
with late pregnancy urine 50 to 500 ec. volumes are suitable. 

1 liter of urine is placed in a 2 liter round bottom flask and 50 ee. 
of toluene are added. A wide bore reflux condenser, fitted with 
a cork stopper or ground glass connection, is attached and the 
urine heated to boiling. 100 cc. of concentrated hydrochloric 
acid (sp. gr. 1.19) are added slowly through the condenser and 
boiling continued for 15 minutes. The temperature of this boiling 
mixture is 100-105°. The flask is then cautiously removed to a 
vessel of cold water (violent boiling may occur if the hot mixture 
is shaken); the urine is brought to room temperature and trans- 
ferred to a separatory funnel. The toluene layer, together with 
the layer of urine-toluene emulsion, is removed and the urine 
layer is reextracted twice with 25 cc. portions of toluene. The 
combined toluene extracts and emulsions are filtered through a 
Buchner funnel, with gentle suction, and the residue thoroughly 
washed with small amounts of toluene. If the filtration is per- 
formed without excessive suction, the emulsion is completely 
broken down. The filtrate is poured into a small separatory 
funnel, the urine layer is discarded, and the toluene extract is 
washed once with 50 cc. of water. The toluene is now transferred 
to a dry 400 cc. beaker, care being taken that no droplets of water 
are included, and the extract boiled on an electric hot-plate until 
the last traces of water are dispelled. 10 cc. of a 2 per cent solu- 
tion of sodium hydroxide in absolute methyl alcohol are added 
and_boiling continued until all the alcohol is driven off and the 
quantity of toluene is reduced to half its original volume. After 
the extract is allowed to stand at room temperature until cool, 
it is filtered with gentle suction into a 125 cc. Erlenmeyer flask 
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and the abundant gelatinous precipitate is thoroughly washed 
with three successive small amounts of toluene. The filtrate 
should be clear and free of all traces of a pink or brown color; 
otherwise the previous step must be repeated. The clear, pale 
greenish yellow filtrate is now taken to dryness on the hot-plate, 
the last traces of toluene being carefully removed by a stream of 
air to avoid overheating the residue. 10 cc. of 95 per cent ethyl 
alcohol are added and the residue is completely dissolved by heat- 
ing. While heating is continued, 40 cc. of hot aqueous 0.1 N 
sodium hydroxide are added slowly. The stoppered flask is al- 
lowed to stand at room temperature until cool and is then placed 
in the refrigerator overnight. 

The precipitate is collected by filtration, washed with water, 
dissolved in 10 cc. of alcohol, and precipitated a second time in 
the same manner, 40 cc. of distilled water being used instead of 
the sodium hydroxide solution. The pregnanediol should now 
be colorless and entirely crystalline; if not, one further precipita- 
tion from aqueous alcohol is carried out. The purified substance 
is now collected by filtration, transferred by means of ethyl alcohol 
to a tared vial, dried in an oven at 90°, and weighed. A melting 
point is taken on each sample recovered and, if this be below 220°, 
a mixed melting point is determined with a pure sample of preg- 
nanediol. When the recovered material is largely pure preg- 
nanediol, its melting point is raised when it is mixed with an 
authentic sample; the determination is considered to be satis- 
factory if there is no depression of the mixed melting point. 


EXPERIMENTAL 


Precipitation of Pregnanediol from Aqueous Alcohol—In order 
to estimate the amount of pregnanediol which might be lost by 
remaining in solution, the solubility of pregnanediol in various 
concentrations of aqueous alcohol was determined in the following 
manner. Known amounts of pregnanediol in 95 per cent ethyl 
alcohol were diluted with water while hot. The solutions were 
cooled and placed in the refrigerator overnight. By preparing a 
series of such solutions with decreasing amounts of pregnanediol, 
it was possible to determine roughly how much was needed in 
order to give a precipitate. Such an experiment is shown in 
Table I, from which it may be seen that within the accuracy of 
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this method pregnanediol is completely insoluble when 3 or more 
volumes of water are added to 1 volume of alcohol. It would 
appear, therefore, that two or three precipitations from 10 ce. of 
alcohol, with 30 or more cc. of water, would result in no detectable 
loss. This is apparently true, also, in the presence of the other 
neutral substances present in the extract at this stage, as similar 
experiments were conducted in which cholesterol and pregnanediol- 
free neutral urine extracts were added to alcohol, together with 
known amounts of pregnanediol. No increased solubility of preg- 
nanediol was noted in the presence of these substances in the 
amounts used. It appears probable, however, that small losses 
could occur at this step in the presence of large quantities of 
other lipids. 


TABLE I 


Approximate Solubilities of Pregnanediol in Aqueous Alcohol 


95 per cent alcohol, cc. 10 10 10 10 10 10 
Water added, cc... 10 20 25 30 40 50 
mg. mg. | mg. mg. mg. mg. 


Pregnanediol in solution 
Room temperature >1.0; 1.0; 0.2 | <0. | <0.25 | <0.3 
After refrigeration >1.0 0.5 0.25 <0.04 <0.04 <0.04 


It was of interest to determine the fate of other substances 
present in the neutral fraction when this precipitation was carried 
out, for one might expect that other urinary constituents may 
behave in a fashion sufficiently similar to pregnanediol to be pres- 
ent in the final product. The three most abundant neutral lipids 
known to be present in human urine were studied. These were 
cholesterol, androsterone, and a hydrocarbon designated by Hart 
and Northrup (7) and by Marker (8) as heptacosane. Cholesterol 
in amounts up to 8 mg. and the hydrocarbon in amounts up to 
100 mg. were found to form stable colloidal solutions when precipi- 
tated in the above manner from 50 cc. of 19 per cent alcohol. On 
filtration these colloidal suspensions leave no residue. When pres- 
ent in larger amounts, some residue is retained on the filter. An- 
drosterone separates as plate-like crystals from 50 cc. of the 19 per 
cent alcohol when present in amounts exceeding 4 mg.; amounts 
smaller than this remain in solution. Therefore, an excess of 
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16 mg. of cholesterol, 200 mg. of the hydrocarbon, or 8 mg. of 
androsterone per liter of urine would be necessary in order to 
interfere with the final purity of the pregnanediol, if the two pre- 
cipitations from aqueous alcohol are carried out. These amounts 
are well outside the range of values thus far reported for these 
neutral substances in normal human urine. 

Precipitation of Impurities from Toluene Extract—It is of impor- 
tance that excess water be avoided in handling the toluene extract. 
Water in excess of the small amount resulting from chemical reac- 
tion may introduce impurities which are not removed by the sub- 
sequent step. The presence of water also results in a large gelati- 
nous precipitate which is difficult to wash. Excess hydrochloric 
acid is removed by washing the original toluene extract, thus 
minimizing the water of reaction. Dissolved water is then largely 
dispelled by boiling.t The 2 per cent sodium hydroxide solution 
in methyl alcohol is prepared from clean dry sodium hydroxide 
pellets and absolute methyl alcohol. An alternative to the alco- 
holic sodium hydroxide solution is a 2 per cent methyl alcohol 
solution of sodium methylate, prepared by adding sodium to abso- 
lute methyl alcohol. Such a solution has been used with satis- 
factory results. 

It seemed possible that some loss at this stage, through adsorp- 
tion of the pregnanediol on the abundant precipitate, might be 
incurred. Therefore, precipitates from several batches of urine 
extract were combined and thoroughly extracted with boiling 
ethyl aleohol. After the filtered alcohol extract was evaporated 
off, the residue was taken up in toluene and the toluene-soluble 
material purified in the usual manner. No pregnanediol was 
recovered by this method from fourteen combined precipitates. 
Apparently, therefore, the loss of pregnanediol in this stage of 
purification is negligible. 

Extraction of Pregnanediol from Urine by Toluene—1 liter 
volumes of urine from which 5 to 80 mg. of pregnanediol had been 
recovered by the extraction method described were exhaustively 
reextracted with toluene. In no case was any further pregnanediol 
recovered. In five instances the three toluene extracts described 


‘ An occasional difficulty in avoiding excess water may be met by the 
addition of 0.5 to 1 gm. of powdered calcium oxide to the boiling extract 
before cooling. 
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in the original procedure were worked up separately. The re- 
coveries indicate that approximately 85 per cent of the free 
pregnanediol is taken up by the toluene during hydrolysis; the re- 
mainder usually appears in the second extraction, while only 
occasionally does the third extract contain a further trace. The 
volumes of toluene used were therefore considered sufficiently 
large to remove all available pregnanediol. Inasmuch as the solu- 
bility of pure pregnanediol in toluene at room temperature does 
not exceed 2 mg. per cc., no attempts were made to use smaller 
volumes, for fear of losses in subsequent steps. 

Hydrolysis of Combined Pregnanediol by Acid—The rate of hy- 
drolysis of the sodium pregnanediol glucuronidate complex was 
studied by adding measured amounts of an aqueous sodium preg- 
nanediol glucuronidate solution to male urine and boiling for 
various periods of time in the presence of different concentrations 
of hydrochloric acid. The amount of free pregnanediol liberated 
was then determined by the method outlined above. 

The first series of hydrolyses was made on 100 cc. samples of 
male urine containing 10 mg. of sodium pregnanediol glucuroni- 
date. To this volume of urine amounts of concentrated hydro- 
chloric acid from 5 to 15 volumes per cent were added; the mixtures 
were boiled for periods of 24} to 60 minutes. The amounts of 
free pregnanediol recovered are plotted in Fig. 1, from which it 
can be seen that with 5 volumes per cent of acid the hydrolysis is 
slow and that a maximal yield of 66 per cent was obtained after 
1 hour’s boiling. When 10 or 15 volumes per cent were used, a 
maximal yield of 70 per cent was obtained in 2} and 10 minutes 
respectively, but with longer boiling smaller amounts were ob- 
tained. It appeared from this that 10 volumes per cent of acid 
would give satisfactory results if destruction of the compound 
could be avoided. Consequently, a second series of hydrolyses 
was made on 1000 cc. volumes of urine to which 0.05 volume of 
toluene was added. In Fig. 2 are shown the results of such an 
experiment. The 10 volumes per cent of acid gave maximal yields 
within 10 minutes and prolonged boiling for 4 hours resulted in 
little destruction of the compound. 
~ A third series of hydrolyses was made on 50 mg. amounts of 
combined pregnanediol in 1000 ce. of distilled water to which were 
added 50 cc. of toluene and 100 ce. of concentrated hydrochloric 
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acid. A maximal yield of 80 per cent was obtained after 15 
minutes of boiling and continued boiling for 4 hours resulted in 
only slight destruction. In Fig. 2 these results are compared 
with similar experiments in which no toluene was used. It is 
apparent that the presence of toluene serves to prevent destruc- 
tion of pregnanediol by the acid. 
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Fic. 1. Liberation of free pregnanediol from 10 mg. of sodium preg- 
nanediol glucuronidate on boiling with acid in 100 cc. of normal male urine. 
The dots represent 5, the crosses 10, and the triangles 15 volumes per cent 
of concentrated hydrochloric acid. The ordinate represents per cent of 
pregnanediol recovered; the abscissa, time of boiling in minutes (logarith- 
mic scale). 

Fig. 2. Hydrolysis, in 1000 ec. of an aqueous solution, of 50 mg. amounts 
of sodium pregnanediol glucuronidate with 10 volumes per cent of con- 
centrated hydrochloric acid. The dots represent results with, the triangles 
without 50 cc. of toluene. The crosses show the rate of hydrolysis in 1000 
ec. of male urine with 100 cc. of concentrated hydrochloric acid and 50 


ec. of toluene. 


Recoveries of Pregnanediol by Method Proposed—Amounts of 
sodium pregnanediol glucuronidate from 2 to 200 mg. were added 
to samples of urine from normal males. The volumes of urine 
used were 1000, 2000, and 4000 cc.; these were treated by the 
above method and the yields calculated. The results are given 
in Table II, which shows the calculated equivalent of free preg- 
nanediol contained in the amount of the complex added, the 
amount recovered, and the per cent recovery. 

Table II shows that yields from 1 liter of urine containing 3 mg. 





























TaBLe IT 
Recovery of Pregnanediol 
Sodium Calculated Deviation 
Urine pregnanediol equivalent Senn posensnedicl resovered from mean 
volume giucuronidate of free ities recovery of 
added pregnanediol® | | 68.02 per cent 
ce. mg. mg. | mg. | per cent per cent 
10007 0 0 | 0 
0 0 0.8 
2 1.236 | 0.0 
2 1.236 0.0 
2 | 1.236 0.5 41.5 
2 1.236 0.6 50.6 
2 1.236 1.2 100.0 
5 3.10 2.3 74.2 +6.18 
5 3.10 | 2.3 74.2 +6.18 
5 3.10 2.4 77.4 +9.38 
5 3.10 2.5 80.6 +12.58 
10 6.18 3.9 63.1 —4.92 
10 6.18 4.0 64.7 —3.32 
16 6.18 4.1 66.4 —1.62 
16 9.89 5.9 60.0 —8.02 
20 12.36 8.2 66.4 —1.62 
20 12.36 8.4 68.0 —0.02 
20 12.36 8.7 70.4 +2.58 
25 15.45 9.5 61.5 —6.52 
30 18.54 12.0 64.8 —3.22 
30 18.54 12.4 67.0 —1.02 
30 18.54 13.3 71.8 +3.78 
| 40 24.72 16.5 66.8 —1.22 
40 24.72 | 16.5 66.8 —1.22 
50 30.90 19.9 64.4 —1.62 
50 30.90 20.0 64.7 —3.62 
50 30.90 | 21.7 70.3 +2.28 
| 200 123.60 | 80.6 65.2 —2.82 
2000 | 0 0 0.5 
| 2 1.236 | 0.0 
| 2 1.236 | 0.0 
2 1.236 | 0.1 8.33 
2 1.236 | 1.1 91.66 
2 | 1.236 | 1.4 116.66 
5 3.10 1.1 35.48 
5 a.) SS 51.61 
5 3.10 ey 54.83 
4000 0 0 0.0 
0 0 0.1 
2 | 1.236 1.7 141.66 
5 rae 0.6 19.35 
5 3.10 1.0 32.66 
5 3.10 2.2 70.96 
10 6.18 3.2 53.2 
8000 0 0 0.0 
* Calculated with the conversion factor of 0.618. 
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or more of pregnanediol are consistent and average 68 per cent. 
The standard deviation from the mean was 5.15 per cent and the 
standard error of the mean was 1.12 percent. Recoveries of smaller 
amounts of pregnanediol were less uniform, but some quantitative 
significance could be attached to determinations of 1 to 3 mg. per 
liter, when 2 or 4 liter volumes were used. 

Similar volumes of male urine to which no sodium pregnanediol 
glucuronidate was added were hydrolyzed and extracted in the 
same manner. Two of these samples yielded no precipitate at 
the final step, while three gave readings of 0.1 to 0.8 mg. per liter. 

The melting points of the recovered material in the determina- 
tions shown in Table II ranged from 218-228°, and on mixing with 
pure pregnanediol (m.p. 238°) no depression occurred. 

Pregnanediol determinations on human urine during the luteal 
phase of the menstrual cycle and during pregnancy have yielded 
material with melting points ranging from 205-228°. These melt- 
ing points were not depressed and usually were elevated when the 
material was mixed with the pure substance. The lower values 
are apparently due to a small amount of unidentified material not 
present in hydrolysates of the combined form. The possibility 
that this impurity is allopregnanediol has not been eliminated. 


DISCUSSION 


The calculation used in determining the free pregnanediol 
equivalent of sodium pregnanediol glucuronidate may be subject 
to error. Venning and Browne showed that sodium pregnanediol 
glucuronidate contains 1 molecule of water of crystallization and 
has a molecular weight of 536. As the molecular weight of free 
pregnanedio] is 320, these authors used a factor of 0.597 for the 
conversion of the complex to free pregnanediol. Bachman, Leekley, 
and Hirschmann (9) found that the combined form is hygroscopic, 
but that all water is removed when the material is dried in a 
vacuum over phosphorus pentoxide at room temperature. It has 
been assumed in the above calculations that no solvent of crystal- 
lization was present in the sodium pregnanediol glucuronidate 
used, and that 1 gm. of the complex contained 0.618 gm. of free 
pregnanediol. The material used was repeatedly recrystallized 
from 95 per cent ethyl alcohol and dried in air at 90°. 

It appears unlikely that the failure to obtain 100 per cent re- 
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covery on hydrolysis of the complex in aqueous solution can be 
attributed to an error in this calculation. However, the con- 
sistent loss of 20 per cent under varied conditions cannot be traced 
to incomplete extraction and, as destruction is largely eliminated 
by the use of toluene, it remains unexplained. The further loss 
in determinations on urine is believed to be incurred in purification. 
The recoveries given in Table II show that determinations on 
urine containing 3 mg. or more of pregnanediol per liter may be 
made with considerable accuracy. When 1 to 3 mg. of preg- 
nanediol per liter is present, the error involved is large, but this 
error is somewhat reduced by increasing the volume of urine 
extracted. 

On two occasions no pregnanediol was detected in | liter samples 
of urine containing 1.2 mg. of pregnanediol. Some samples of 
normal male urine yielded zero values, while others gave 0.1 to 
0.8 mg. of some unidentified substance per liter of urine. It is 
assumed that the recovered material in these cases is not preg- 
nanediol, but is an impurity which may lead to error in deter- 
minations on urine containing comparable amounts of pregnane- 
diol. Although Engel, Thorn, and Lewis (10) isolated 64 mg. of 
pregnanediol from 1000 liters of normal male urine, the zero values 
shown in Table II indicate that amounts of pregnanediol of the 
order found by Engel, Thorn, and Lewis are not uniformly detect- 
able by the above method. 

Subject to these limitations the method proposed is satisfactory. 
It requires no special apparatus, it is free of technical difficulties, 
and no abnormal urinary constituents such as albumin or blood 
have been found to interfere. As pregnanediol is a stable sub- 
stance, no special precautions are required in the collection of 
specimens and the loss through hydrolysis which is so inconstant 
in determination of the combined form is obviated. 

To estimate the 24 hour excretion of pregnanediol the following 
approximate calculation is made 


24 hour urine volume 
volume urine used 





Daily pregnanediol output, mg. = 


X pregnanediol found, mg. X 1.47 


which takes into consideration the average loss entailed in the 
method. Although the correction factor seems large, it is over- 














kK. B. Astwood and G. E. 8. Jones 407 


balanced by the uniformity of results, by the stability of free 
pregnanediol, and by the simplicity of the method. 


The authors are indebted to Dr. L. L. Engel for valuable advice 
and criticism and to Dr. P. G. Weil for many helpful suggestions. 


SUMMARY 


The difficulties encountered in the determination of sodium preg- 
nanediol glucuronidate are cited and a method based on the deter- 
mination of the free form of pregnanediol is described. The ad- 
vantages and limitations of the method are discussed. 

It is recommended as a satisfactory procedure for routine clini- 
cal use or for the large scale preparation of pregnanediol from 
human urine. 
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THE EFFECT OF ALKALOSIS ON THE RELATIONSHIP 
BETWEEN SERUM CALCIUM AND PROTEIN IN VIVO* 


By HERMAN YANNET 


(From the Department of Pediatrics, Yale University School of Medicine, 
New Haven) 


(Received for publication, September 26, 1940) 


In the absence of definite experimental evidence, it has generally 
been assumed that the symptoms of tetany associated with in- 
creases in serum pH are due to a decrease in the concentration of 
ionic calcium. However, by means of the frog heart method, 
McLean and Hastings (1) were unable to demonstrate any sig- 
nificant change in calcium ions with change in pH. Because of 
the relatively narrow pH range in which these investigators 
worked, and the limited range of sensitivity of the method, no 
definite conclusions were offered, and the question of the effect of 
alkalosis on the capacity of protein to bind calcium was left open. 

It has been abundantly confirmed that the concentrations of 
total calcium and protein in serum, in the absence of recognizable 
defects of calcium metabolism, bear a linear relationship to each 
other. This has been expressed by the regression equation, 
total Ca = a X total protein + b, in which a and b are constants. 
Using data accumulated in the literature, McLean and Hastings 
(1) have demonstrated that the value for the intercept b in this 
equation is a close approximation of the concentration of ionic 
calcium as determined by their frog heart method, under nor- 
mal conditions. 

On the basis of these considerations, the relationship between 
total calcium and proteins in the serum of normal animals, and 
those with marked elevation of serum pH, was studied. It was 
hoped that by these means some idea would be gained as to the 
effect of alkalosis on the ability of serum protein to bind calcium 


* Aided by grants from Child Neurology Research (Friedsam Founda- 
tion) and the Fluid Research Fund of Yale University School of Medicine. 
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and the magnitude of the intercepts in the respective regression 
equations, which might give an approximation of the effect of 
alkalosis on the concentration of calcium ion. 


Procedure and Methods 


Cats were used as the experimental animals. They were fed on 
canned salmon and milk for at least 1 week before the experimental 
procedure. The method employed for producing alkalosis was 
as follows: The animals were injected intraperitoneally with a 
solution containing 50 gm. of glucose and 200 to 300 milliequiva- 
lents of sodium bicarbonate per liter, in amounts approximating 
100 cc. per kilo of body weight. 5 hours later, a similar quantity 
of fluid was withdrawn. The serum changes resulting from this 
procedure have, in part, been previously described (2). These 
were an increase in pH and total CO», a decrease in chloride, and 
relatively little change in sodium. These changes persisted prac- 
tically unchanged for at least 24 hours. At intervals of 2 hours, 
beginning with the withdrawal of the fluid from the peritoneal 
cavity, samples of blood were removed in amounts varying from 
15 to 20 ce. A total of twenty-four blood samples was examined 
from six different animals. Of these, two animals survived 24 
hours and were sacrificed, two animals died after 6 hours, and two 
animals died after 10 hours. The control observations were made 
on five animals. Of these, three animals were not treated in any 
way, and two animals were subjected to depletion of extracellular 
electrolytes as previously described (3). This resulted in marked 
hemoconcentration. By this procedure, and by the frequent with- 
drawal of fairly large quantities of blood, an adequate distribution 
of serum protein concentrations was obtained. A total of twenty- 
nine observations was made in the control group. All manipula- 
tions were carried out under nembutal anesthesia. 

The blood was collected and allowed to clot under oil. The 
chemical analyses were carried out on the serum which was re- 
moved in the usual manner. Total protein was calculated from 
the nitrogen content determined by the Kjeldahl procedure. 
Total CO, was determined by the method of Van Slyke and Neill 
(4), phosphate by the method of Fiske and Subbarow (5), calcium 
by the method of Clark and Collip (6), and pH by Cullen’s method 
(7) as modified for the Evelyn colorimeter. 
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Results 


The data may be most conveniently presented by means of the 
statistical analysis. This issummarized in TableI. The average 
concentration of serum protein in both groups showed no signifi- 
cant difference. The range in the control animals was from 5.4 
to 8.5 per cent, and in the alkalotic animals from 4.3 to 8.5 per 
cent. There was a significant decrease in the average calcium 
concentration in the alkalotic group, the individual values having 
a range from 6.3 to 10.4 mg. per cent. In the control group the 
calcium concentrations varied from 8.6 to 11.7 mg. per cent. 
There was a significant increase in the average value for phos- 
phorus in the alkalotic group with a range in the individual values 
from 5.5 to 17.1 mg. per cent. In the control group phosphorus 


TaBLe I 
Results of Serum Analyses in Normal and Alkalotic Animals 





No. of 











eo | m4 | Ca | P | Total CO: pH 

| a | BS | BRT | mae oot 
Control....... 29 «= 6.84 | 10.9 6.46 | 17.48 7.41 
| 40.13") 40.15 | 40.38 | +0.92 | +0.02 
Alkalotic....... 24 | 7.08 7.98 10.29 40.58 7.65 
| £0.19 | +0.25 | +0.60 | +0.98 | +0.02 








* Standard error. 


varied from 3.5 to 11.4 mg. per cent. The degree of alkalosis 
produced by the procedure employed may be seen from the aver- 
age values for total CO, and pH. 

Relationship between Protein and Calcium—The correlation coef- 
ficient between total protein and calcium in the serum of the 
normal animals was 0.55 + 0.13, and the regression equation 
expressing this relationship Ca = 0.62 protein + 6.7, in which the 
standard error of the regression coefficient is 0.18, and of the inter- 
cept 0.12. This agrees fairly closely with similar equations ob- 
tained in humans (8-10) and in dogs (11). 

In the animals with alkalosis the correlation coefficient between 
protein and calcium was 0.58 + 0.17, and the regression equation 
Ca = 0.76 protein + 2.61, in which the standard error of the 
regression coefficient was 0.22, and of the intercept 0.20. 
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Relationship between Phosphorus and Calcium—lIn the control 
group no correlation could be demonstrated between calcium and 
phosphorus. In the animals with alkalosis the correlation coeffi- 
cient was —0.34 + 0.19, which statistically cannot be considered 
significant. When the data from both groups are combined, a 
significant negative correlation coefficient between calcium and 
phosphorus is obtained equal to —0.56 + 0.10. The regression 
equation expressing this relationship was Ca = —0.26 P + 11.3, 
in which the standard error of the regression coefficient is 0.05, 
and of the intercept 0.17. The regression coefficient in this equa- 
tion is very similar to that obtained by Peters and Eiserson (8) 
in human serum. 


DISCUSSION 


The type of alkalosis produced by the procedure employed in 
these experiments is essentially similar, as regards the resulting 
serum electrolyte configuration, to that following prolonged vomit- 
ing of gastric juice, or the administration of sodium bicarbonate 
to patients with impaired renal function. In the former, however, 
one frequently encounters reduced serum sodium concentrations 
as well. The effect of alkalosis on the concentration of serum 
calcium has been previously studied with equivocal results. Thus, 
Peters and Van Slyke (12) and Schmidt and Greenberg (13) in 
their reviews of this phase of calcium metabolism reach the con- 
clusion that the alkalosis resulting from the administration of 
bicarbonate is not associated with a significant decrease in serum 
calcium. On the other hand, Stewart and Haldane (14), and 
recently McCance and Widdowson (15) in a case of pyloric ob- 
struction, were able to demonstrate hypocalcemia, presumably 
secondary to an alkalosis due to excess alkali. Our experiments 
confirm the latter observations. 

It will be noted in Table I that the variations in serum pH in 
both control and alkalotic groups are very small. In both groups 
about two-thirds of the individual observations are within 0.1 
unit of the average for the group asa whole. The regression equa- 
tions expressing the relationship between calcium and protein may 
therefore be considered as representing this relationship at two 
different but fairly constant levels of serum pH. A comparison 
of the two regression equations indicates: first, that the average 














H. Yannet 413 


quantity of calcium bound to protein is slightly greater in the 
alkalosis group, although statistically this may not be significant; 
second, there is a significant decrease, in the alkalotic group, of 
calcium not combined to protein. This latter fraction of the total 
calcium represents primarily ionic calcium, although a small but 
appreciable quantity of bound but diffusible calcium is also 
included in this fraction (1). 

The explanation for the reduction in ionic calcium during alka- 
losis is not clear. It will be noted that associated with this finding 
a significant hyperphosphatemia was demonstrated. This has 
been noted by others (15-17). Our data, however, add nothing 
directly bearing on the problem of the inverse relationship shown 
to exist between serum calcium and phosphorus under various 
conditions. The absence of a significant correlation between cal- 
cium and phosphorus in the individual groups is probably due to 
the lack of an adequate variation in serum phosphorus. When 
both groups were combined, the expected inverse relationship 
could be demonstrated. 

McLean and Hastings (1), from their study of calcium ion con- 
centrations in serum of various dilutions, concluded that the 
relationship of bound to ionic calcium follows the mass law equa- 
tion describing the ionization of calcium proteinate. If it be 
assumed that [total Ca] — [Ca++] = [calcium proteinate], and 
[total protein] — [calcium proteinate] = [protein=], the mass law 
equation describing the ionization of calcium proteinate takes the 
following form 


[Ca**] 


- i ++ 
ica“) + x [total protein] + [Ca**] 


[Total Ca] = 
As McLean and Hastings point out, the empirical calcium and 
protein regression equation is a special case of the mass law 
equation in which [Ca**] represents the intercept, and [Cat+]/ 
((Ca**] + K), the slope. The rectilinearity of the regression 
equation is therefore dependent on the fact that, under the condi- 
tions in which the empirical regression equations cited in the litera- 
ture were obtained, [Ca**] tended to be relatively constant. This 
was demonstrated by McLean and Hastings who found, by actual 
determination of [Ca**] in serum and protein containing body 
fluid containing widely varying concentrations of protein, a small 
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range in [Ca**] variability. Presumably, in our alkalosis experi- 
ments, the relatively constant value for serum pH was also asso- 
ciated with relatively little variability in [Ca**] in the group as 
a whole. From our data, we may calculate the pK of calcium 
proteinate for the control and alkalotic groups. The average 
values for calcium and protein are given in Table I, and expressed 
as moles per kilo of H,O. The concentration of water is obtained 
from the formula, 99 — 0.75 protein. The factor for converting 
protein into base-combining equivalents was obtained from the 
data of Van Slyke, Hastings, Hiller, and Sendroy (18), with the 
average values for pH in Table I, and assuming an albumin to 
globulin ratio of 1.8 and a valence of 2 for the serum proteins. 
Calcium ion concentrations were obtained from the intercepts of 
the respective regression equations and expressed as moles per 
kilo of H,O. In this fashion, pK values for calcium proteinate 
in the control and alkalotic groups were calculated as 1.96 and 
2.37 respectively. In a similar manner, McLean and Hastings 
calculated the respective pK values from the calcium and protein 
regression equations given by five different investigators. These 
were found to vary from 1.97 to 2.28, averaging 2.12. The pK 
value for calcium proteinate determined by Hastings and McLean 
from their data on calcium ion concentrations in serum with the 
frog heart method was 2.22 + 0.07. Considering the limited 
number of observations with the intercept in the regression equa- 
tion as a measure of [Ca**], our values for the pK of calcium 
proteinate cannot be considered as significantly out of line. It 
must therefore be concluded, tentatively, that our data on the 
relationship between serum calcium and protein in vivo, in the 
presence of marked elevations of serum pH, agree with the con- 
clusions of Hastings and McLean that the behavior of these serum 
constituents may be described by a simple mass law equation as 
a first approximation. 


SUMMARY 


The relationship between calcium and protein in the presence 
of a marked degree of alkalosis was studied in cats. 

A significant hypocalcemia due presumably to marked reduction 
in calcium ion concentration was demonstrated. Hyperphos- 
phatemia was also found. 
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The relationship between calcium and protein was such as to 
agree with the conclusion of McLean and Hastings that this rela- 
tionship may be described, as a first approximation, by a simple 
mass law equation yielding the ionization constant of calcium 
proteinate. 
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A NEW PHOTOMETRIC METHOD FOR THE 
DETERMINATION OF IRON 


By RUBENS SALOME PEREIRA 
(From Sao Paulo, Brazil) 


(Received for publication, September 3, 1940) 


In the study of many types of biological material it has become 
of increasing importance to determine accurately extremely small 
amounts of iron. Since color reactions are, as a rule, very sensi- 
tive, colorimetric procedures are particularly useful in the micro- 
analytical field, and several colorimetric methods have appeared 
in the literature on iron determination. 

Although the extremely sensitive thiocyanate reaction is widely 
used for quantitative purposes, and has been the basis for much 
of our knowledge of iron concentration in biological material, the 
difficulties of the thiocyanate method have all combined to make 
investigators welcome the proposal of other processes, and pyro- 
catechol (1), pyramidon (2), thioglycolic acid (3), dimethylgly- 
oxime (4), the H:FeCl; complex (5), a,a’-bipyridine (6), 8-hy- 
droxyquinoline (7), o-phenanthroline (8), ferron (9), etc., have 
successively been proposed for chromogenic agents, and applied 
to the quantitative determination of iron. 

Lutz (10) has shown that acid solutions of ferric ions give a 
blue-green color with protocatechuic acid, and that ferrous ions 
give no color under the same conditions. The blue-green color 
formed by the interaction of ferric ion and protocatechuic acid 
changes to red in solutions made alkaline, and alkaline solutions 
of ferrous ions give a red color with the reagent, as does ferric 
ion under similar conditions. The extreme sensitivity of this 
color reaction induced the present author to adapt it into a work- 
able and reliable procedure which has been found to be a simple, 
rapid, and accurate method for the determination of iron in 
biological materials. 
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Method 


Reagenits—We use two reagents, which will be designated 
Reagents A and B, for determining the total iron. 

Reagent A—To 1 gm. of protocatechuic acid in a 100 ml. volu- 
metric flask add 50 per cent ethyl alcohol, dissolve at room tem- 
perature, and dilute to 100 ml. with the solvent. This reagent 
is kept in a dark glass-stoppered bottle away from sunlight. 

Reagent B—-To 1 part of N NH,OH add 4 parts of n (NH,)S0O,. 
All of the chemicals and solutions must be of the purest grade, 
as free from impurities as possible. 

Both reagents remain unchanged for a long time if carefully 
handled. 

Procedure—Pyrex test-tubes graduated at 1, 2.5, 5, 7.5, and 
10 ml. are used in our technique. An exactly measured quan- 
tity of the solution to be tested is introduced into a test-tube, 
treated with Reagent A, and afterwards with Reagent B, drop 
by drop, with thorough mixing after each addition until the char- 
acteristic red color develops. The contents of the tube are 
then diluted to an appropriate volume. The solution must be 
clear and have a red color. 

The photometric measurements are made with the Zeiss Pul- 
frich step-photometer. The technique employed in making the 
measurements is that described in the directions which accom- 
pany the instrument.' The extinction, Z, was either read from 
a calibrated drum on the photometer or calculated from the 
transparency, D. The extinction coefficient, k, was then ob- 
tained by dividing E by s, the length of the cell used; k = E/s. 
A blank solution is used for reference liquid. 

Effect of Hydrogen Ion Concentration on Color—The hydro- 
gen ion concentration has a great effect not only on the consecu- 
tive colors culminating in the characteristic red, but also on their 
intensities. The blue-green color is not formed with proto- 
eatechuic acid in strongly acid solution of ferric ions; this color 
develops, changes to blue, and afterwards to violet, at about 
pH 5, in proportion to the diminution of the free H ions. These 
eolors present various hues, and increase in intensity in propor- 
tion to the decrease of the hydrogen ion activity. The red de- 
velops in alkaline solution. The blue-green color disappears 


1 Mess 430 d/IV. 
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altogether in strongly acid solution, and an excess of alkali hy- 
droxide destroys the red color. 

The influence of the hydrogen ion concentration on the various 
colors is shown in Table I. In this study the amount of iron was 
kept constant. 

The determination of the total iron in acid solution, while prac- 
ticable, is not advantageous, since it is essential to adhere to 
rigidly specified conditions, particularly with regard to the 
hydrogen ion concentration, and ferrous ion must be absent from 
the sample to be analyzed. In addition, the color reaction in 
acid solution of ferric ion is less sensitive. On the other hand, 
the protocatechuic acid reaction can be applied to the determina- 
tion of both ferric and ferrous ions on the same solution by deter- 


TaBLe | 
Effect of Hydrogen Ion Concentration on Color 


pH Color Filter No. k 
2.85 Blue-green 58-66 .6/3.5 0.156 
4.00 ” 8-66 .6/3.5 0.201 
4.54 Blue 8-61 0.284 
5.00 Violet 8-57 0.357 
5.10 ss S-57 0.357 
5.80 " 8-57 0.482 
8.50 


Red S-50 0.627 








| 
| 
| 


mining the ferric ion in acid solution and the total iron by the 
method described in this paper. 

Effect of Excess of Reagents—An excess of Reagent B has no 
effect on the transparency. The same does not hold for Reagent 
A which carries a barely perceptible touch of yellow into the 
blank solution. This extremely slight coloring deepens in pro- 
portion to both the amount of protocatechuic acid and the time 
that the solution is allowed to stand before the extinction is 
measured, as shown by the following results. The final volume 
of the solution was 10 ml. in each case. 


Reagent A k 
ml, 
0.2 0.000 
0.3 0.000 
1.0 0.003 


2.0 0.006 
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After 30 minutes standing, the extinction coefficient for the 
solution containing 0.3 ml. of Reagent A was k = 0.009, and the 
extinction for the solution to which 2 ml. of the same reagent 
were added was correspondingly higher. From these data it is 
concluded that Reagent A must be used discreetly and that un- 
necessarily large amounts of protocatechuic acid are not to be 
added to the sample to be analyzed. 

Quantity of Reagenits—0.2 ml. of Reagent A for 5 ml. final vol- 
ume is the maximum amount used in our technique, this being 
sufficient to develop the maximum color from a 4 mg. per 100 ml. 
solution of iron. Under the conditions we have used, a large 
number of analyses can be carried out simultaneously, particu- 
larly if the test-tubes are kept in the dark, since, then, the oxi- 
dation of the protocatechuie acid is retarded and the changes of 
the extinction due to the oxidation of this reagent are, over a 
certain period, without any effect on the results. 

Stability of Color—Under the conditions we have used, the ex- 
tinction remains unchanged for at least 1 hour, as shown in the 
following experiments. 

A 0.5 mg. per 100 ml. solution of iron was treated with 0.1 ml. 
of Reagent A, and made alkaline with Reagent B. The values 
of k were as follows: 


Immediately 30 min. later 60 min. later 90 min. later 
0.538 0.538 0.538 0.550 


Under the same conditions, but with 0.4 ml. of Reagent A, 
the following values were obtained. 


Immediately 30 min. later 12 brs. later 
0.538 0.550 0.669 


In these experiments pure water was used for compensating 
liquid. 

A 0.25 mg. per 100 ml. solution of iron was treated with 0.2 
ml. of Reagent A, made alkaline with Reagent B, and the color 
reading taken promptly thereafter. The extinction coefficient, 
k = 0.268, remained unchanged for at least 1 hour, either dis- 
tilled water or blank solution having been used for compensating 
liquid. The following changes were recorded 18 hours later: 
against distilled water, k = 0.347; against the reagent blank 
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solution, k = 0.168. Such variations as these are due to the 
oxidation of the protocatechuic acid, a strongly reducing sub- 
stance which is easily oxidizable, particularly in alkaline solution, 
developing a yellowish hue which increases in degree on standing. 

Effect of Temperature on Color Readings—Under the conditions 
of our technique, it was found that anywhere in the range of 
20-30° the color readings were identical; temperature is thus 
unimportant in this range which covers the usual room tem- 
perature. 

Effect of Final Volume on Color Readings—A change of the final 
volume has no effect on the transparency, as is shown in Table IT. 

Lambert-Beer Law—The intensity of the red color formed with 
protocatechuic acid in solutions made alkaline with Reagent B 
is determined by the amount of iron present. It is this direct 


TaBLe II 
Effect of Final Volume on Color 
The solution contained 0.5 mg. per 100 ml. of Fe in each case. 














Final volume Cell length E | k 
ml. em. | 
2.5 0.5 0.268 | 0.536 
5.0 1.0 0.538 
7.5 1. 0.538 
10.0 1.0 0.538 


relationship between the iron and the intensity of color which 
permits the use of the method. The conformity of the colored 
solution to the Lambert-Beer law was tested. Calibration graphs 
plotted with the per cent of iron and extinction coefficient, k, as 
coordinates were straight lines; an equation for the per cent of 
iron may thus be derived from the slope of the line. 

The extinction coefficient, k, is the extinction for a cm. layer 
of absorbing medium, and is directly proportional to the concen- 
tration of a solution, if the Lambert-Beer law holds. In this 
case, the concentration of the solution varies directly as the ex- 
tinction coefficient, and to determine the concentration of an 
unknown we measure only the extinction of a layer of known 
thickness. We can then calculate the concentration of the 
solution. 
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Let k, denote the extinction coefficient of a solution of known 
concentration, ¢. The concentration of an unknown, ¢2, giving 
an extinction coefficient kz is co = ¢:/k; X ke; ke and ce are vari- 
ables and ¢,/k; is a constant. 

Once determined, the constant will always hold for the method; 
so that the concentration of an unknown is readily calculated by 
multiplying the constant by the extinction coefficient. 

Table III shows that the extinction coefficient, k, is directly 
proportional to the concentration of iron, c. 


TaBie III 
Relation of Extinction Coefficient, k, to Concentration of Iron, c 








Fe Cell length | D | Bb | k | $ 
mg. per 100 ml. cm. | | 
0.025 5.0 73 | 0.137 0.027 0.926 
0.050 3.0 69 | 0.161 | 0.054 0.926 
0.100 2.0 61 | 9.215 | 0.108 0.926 
0.200 1.0 61 0.215 0.930 
0.300 1.0 47.5 0.323 0.929 
0.400 1.0 37 0.432 0.926 
0.500 1.0 29 0.5388 | 0.929 
1.000 0.5 29 0.538 1.076 0.929 
1.500 0.5 15.8 0.901 1.602 | 0.936 
2.000 0.25 29.2 0.535 2.140 | 0.935 
3.000 0.25 15.8 0.801 3.204 0.936 
Mean.... a 0.930 


Standard error, +/2(d)/(n(nm — 1)) = 0.0012. 


Interfering Ions—Interference by ions in colorimetric work is 
regarded as being caused by the color of the ion or by the fact 
that the ion forms a colored complex with the reagent. On the 
other hand, it is known that there is little correlation between the 
absence of color and the degree of interference, since an ion may 
form a colorless complex which is more stable than the desired 
colored complex. 

The solution of iron to be tested must be colorless and clear, 
and neither color nor cloudiness should develop when a portion 
of the liquid is made alkaline with Reagent B alone. In view of 
the sensitivity of the protocatechuic acid reaction, very small 
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amounts of material are, as a rule, required for the determination 
of iron. 

Copper interferes owing to the formation of the blue copper- 
ammonium complex. Since only small amounts of copper are 
ordinarily found in biological materials, the effect of this element 
with regard to the biue color formed by the interaction of copper 
and ammonium can be disregarded. The same holds for other 
ions which, like copper, may form colored complexes with 
Reagent B. 

A number of types of biological material contain copper in the 
same order of magnitude as iron; however, the present method 
can be applied to the determination of iron in such materials 
without any modification. Under the conditions of our technique, 
a possible influence of copper on the oxidation of Reagent A in 
alkaline solution was not noted, and at concentrations up to 
0.8 mg. of copper per 100 ml. no effect was recorded. 

A number of ions interfere because they precipitate or cause a 
turbidity under the conditions of the color formation. For 
instance, the presence of large amounts of phosphate in biological 
material causes precipitation under the conditions of the method. 
Considering the quantity of ions generally found in such material, 
the phosphates to be taken into consideration are those of cal- 
cium and magnesium. The danger of precipitation of MgN HPO, 
is remote, since the development of the color is carried out at 
room temperature and is completed in several minutes. Cal- 
cium phosphate is formed at about pH 6.8 and may interfere 
seriously. Since an excess of citrate ion dissolves calcium phos- 
phate, we preclude its formation by means of ammonium citrate. 

Effect of Citrate Ion on Development of Color—We have studied 
the effect of citrate ion on pure solutions of iron, and on iron 
solutions to which calcium (as calcium chloride) and phosphorus 
(as ammonium phosphate) were added. No influence on the 
extinction was recorded, as may be seen in Table IV. 

The maximum color develops promptly in pure solutions of 
iron, while the red color from iron solutions to which calcium, 
phosphorus, and ammonium citrate are added reaches full de- 
velopment only about 5 minutes after the reagents are added. 
This was shown by a solution containing 0.25 mg. of iron, 42.8 
mg. of phosphorus, and 28 mg. of calcium per 100 ml., treated 
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with 1 ml. of a 20 per cent solution of ammonium citrate. The 
values of k were as follows: immediately 0.131, 3 minutes later 
0.208, 8 minutes later 0.268, 20 minutes later 0.268. 


Determination of Iron in Biological Materials 


The determination of the total iron in any organic matter re- 
solves itself into two main steps, ashing of the sample and deter- 
mination of the iron in the ash. 

Ashing of Sample—The greatest difficulty to be overcome is 
the possibility of loss of iron as the chloride. Methods of ashing 
have been designed to minimize this loss as much as possible, an 
object which is only approximated by many. After much study, 


TaBie IV 
Effect of Citrate, Calcium, and Phosphate Ion on Color 


The solution contained citrate in each case. 


Fe | Ca P k 
mg. per 100 ml. mg. per 100 ml. | mg. per 100 ml. 

0.50 0 0.0 0.538 

0.50 28 0.0 0.538 

0.50 0 42.8 0.538 

0.25 28 42.8 0.268 

0.50 | 14 | 21.4 | 0.538 


the following wet ashing procedure (11) proved to be quite reli- 
able and was finally adopted for general application. 

A convenient sized sample of material is accurately measured 
and placed in a 200 X 20 mm. Pyrex test-tube graduated at 1, 
2.5, 5, 7.5, and 10 ml. 1 ml. of 2 nN H,SO, is added and the test- 
tube is gently heated over a small flame, with continuous shaking, 
until acid fumes begin to form and the solution starts charring. 
Heating is stopped at this stage, and 1 ml. of a nitric-perchloric 
acid mixture (3:1) is added. The test-tube is gently heated 
until dense fumes of perchloric acid begin to form. Owing to the 
small amounts of material required for the determination of iron 
by our method, the solution is ordinarily colorless at this stage. 
Otherwise, further 0.5 ml. additions of the acid mixture are 
made, as the solution begins to char, until the oxidation has prac- 
tically ceased. The test-tube is then heated more vigorously 
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until the perchloric acid has been completely eliminated and 
most of the sulfuric acid has evaporated. The resulting acidity 
is sufficient to secure easy dissolution of the ash, and to prevent 
jron oxide from being formed. 1 ml. of distilled water is added, 
and the test-tube is slightly heated and then cooled. Usually the 
solution is clear, but if a precipitate of calcium sulfate is present, 
as with samples of milk, for example, in which there is a large 
proportion of calcium to iron, this is filtered by suction on a fine 
Jena glass filter, and the filter is washed with distilled water. 
The solution may be concentrated, if necessary. 

Determination of Iron in Ash—To the cold, acid solution of the 
ash 1 ml. of a 10 per cent solution of ammonium citrate, 0.05 to 
0.2 ml. of Reagent A, and Reagent B, drop by drop, are suc- 
cessively added with thorough mixing after each addition until 
the characteristic red color develops. The contents of the tube 
are then diluted to an appropriate volume. A blank is carried 
through the entire procedure at the same time, under exactly 
the same conditions, to serve as compensating liquid. By so 
doing the effect of any iron contamination in the reagents is 
automatically eliminated. 

The photometric measurements are made with the Zeiss Pul- 
frich photometer. The colored iron solution is run into the ab- 
sorption cell of the instrument, the blank is placed in the other 
cell of the photometer, and the extinction is determined with the 
use of Filter S-50 and cells of appropriate length. Such a depth 
of cell is selected that the extinction, E, lies between 0.15 and 0.80; 
measurements of E above 1.00 and below 0.10 should be avoided 
as far as possible. One may work at extinctions below 0.10 and 
above 1.00, but the accuracy will suffer. The change of cells 
is not an inconvenience, and the proper size can be easily selected. 
All measurements are reduced to the common basis of a cell 
1 em. in length. The color readings must be made within 10 
to 40 minutes after the addition of the reagents. 

If too large a sample has been taken for the analysis, as some- 
times may happen with material of unknown iron concentration, 
the final colored solution may be diluted to an appropriate vol- 
ume before the color is read. If the solution of the ash should 
prove to be too concentrated, an aliquot of it may be diluted 
with distilled water to a suitable volume before the reagents 
are added. 
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Results 


In order to determine the accuracy of the method, a sample of 
beans (Phaseolus vulgaris, L.) was analyzed by our method and 
also by the permanganate procedure. In Table V are presented 
the iron values obtained by our method. Determinations were 


TABLE V 
Representative Iron Analyses on Phaseolus vulgaris by Author’s Method 





Dry | Final 











matter | volume Cell length | D E k | Fe 
mg. ml. cm. | | per cent 
25.80 | 5 ~~ 49.5 | 0.305 0.061 0.011 
34.200 | 5 ee Pe 0.432 0.086 | 0.012 
45.00 | 10 3 | «6 0.161 0.054 | 0.011 
58.20 10 3 62 0.208 | 0.069 | 0.011 
59.80 ot :.9 62 | 0.208 | 0.104 | 0.012 
65.80 | 7.5 2 59 =| «(0.229 | «0.115 | 0.012 
87.10 | 7.5 2 47 | 0.328 | 0.164 0.013 

200 5 1 54 0.268 | 0.011 

9.20, 5 1 40 0.398 | 0.011 
225.10 5 1 29 0.538 | 0.011 

TaBLe VI 
Determination of Iron Content of Blood 

Blood e. 2 | Cell length | D | B.... ty. | Fe 

——— —|— — = = se 

ml, ml. | cm. | |™+ sem 
0.01 0 | 3 | 4 0.357 | 0.119 | 55.34 
0.02 [= 1 | 87.5 | 0.240 | 55.80 
0.03 5 1 | 43.5 | | 0.362 | 56.11 
0.04 5 ‘a | 0.482 | 56.03 
0.0 | 5 | 1 oe 4 0.602 | 55.99 
0.10 5 0.5 24.6 | 0.609 1.128 | 56.64 





made on the same sample by the permanganate procedure. 
To cite only one determination taken at random, we have found 
0.012 per cent of iron by employing 24.3174 gm. of the sample. 
As may be seen, the agreement between the two methods is quite 
satisfactory. The data given in Table V show the accuracy of 
our method compared with a reliable macromethod. 
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Determination of Iron in Blood—The determination of the 
amount of iron in the blood furnishes an accurate method for 
determining the hemoglobin content. Determinations can be 
made with very small amounts of blood by our method, and the 
results are quite reliable, as shown in Table VI. 


SUMMARY 


A new photometric method for the determination of iron with 
protocatechuic acid is described. 

The various colors formed by the interaction of iron and pro- 
tocatechuic acid have been studied, and the red color produced 
in alkaline solution has been selected for the determination of 
total iron, owing to the extreme sensitivity of this color reaction 
and to the fact that both ferric and ferrous ions behave identically 
under the conditions of the method. 

The lack of interference, under the conditions of our method, 
by all ions commonly found in biological materials and the re- 
producibility and sensitivity of the color reaction make the method 
superior to other colorimetric procedures for iron. 

The color system follows the Lambert-Beer law; therefore the 
concentration of an unknown is readily calculated. With the 
exception of a Pulfrich photometer, no special equipment is re- 
quired, and, as no separations are involved, the procedure is 
very simple. 

A simple, yet reliable, method of ashing the sample is described, 
and analyses for beans and blood are given. 

The possibility of applying the protocatechuic acid reaction 
to the determination of both ferric and ferrous ions on the same 
solution is suggested. 

Simplicity, rapidity, sensitivity, and applicability with minor 
variations to a wide variety of materials are the chief advantages 
of the protocatechuic acid method for iron. 
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Change in optical rotation was first used as a measure of protein 
digestion by Schiitz in 1885 (1). This investigator found that the 
amount of ovalbumin digested by pepsin, as measured by the 
optical rotatory power of the non-protein products, was propor- 
tional to the square root of the quantity of enzyme used. This 
relationship is commonly known as the Schiitz or Schiitz-Borissov 
rule. Schiitz boiled the digestion mixture with ferric chloride 
to precipitate any protein residue, and found that the clear filtrate, 
which contained the hydrolytic products, was highly levorotatory. 

Despite the simplicity and accuracy offered by optical rotation 
measurements, very little use has been made of this method for 
following protein hydrolysis. Gore (2) showed that when gelatin 
was digested by papain there was no longer a large change in 
specific rotation of the protein with temperature and that there was 
a regular relation between the activity of the enzyme used and the 
change in specific rotation of the substrate. Quick (8) utilized 
these facts to develop an empirical procedure for measuring the 
quantity of proteolytic enzyme present in various malts by the 
rate at which these enzymes decreased the specific rotation of 
gelatin solution. 

The cleavage of synthetic peptides by trypsin and erepsin has 
been followed by change in optical rotation (4), but the accuracy 
was limited by the fact that, in most cases, the observed changes 
in rotation were rather small. 

In the present study, optical rotation is shown to be a criterion 
of both the amounts and kinds of degradation products produced 
by either enzymic or acid hydrolysis of proteins. Only “com- 
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plete” proteins, precipitable by trichloroacetic acid, are used as 
substrates, so that, following enzymic digestion, measurements 
can be made exclusively upon the clear trichloroacetic acid filtrates, 
which contain only non-protein fractions, and not upon whole 
digestion mixtures. 

Since total nitrogen analyses were always carried out on the 
non-protein fractions, the optical rotatory power of these solutions 
is expressed by an arbitrary term, which we define by analogy 
with specific rotation, as 


100 X observed rotation, degrees 
length of tube, dm., X gm. total N per 100 ml. 





] 
aN» = 


aN® can be converted to ordinary specific rotation, a (or vice 
versa), by multiplying the former quantity (or dividing the latter) 
by the fractional percentage of N which the optically active sub- 
stances in solution contain. The method of obtaining this per- 
centage will be indicated subsequently for specific cases. 

When the hydrolysis is with mineral acid, samples of the protein 
hydrolysate are decolorized with carbon and filtered, and analyzed 
in the same manner as the above trichloroacetic acid filtrates. 

It will be shown that aN® is related to the percentage of free 
amino groups in the degradation products of casein, so that the 
former quantity is a measure of the degree of splitting of the pep- 
tide bonds. This fact is utilized in the comparison of the action 
of different proteases on the same protein substrate. 

An indication that enzymic hydrolysis proceeds by a somewhat 
different path than that followed during acid hydrolysis is obtained 
by correlating the changes in aN® of the different non-protein 
fractions with corresponding changes in the ratio of free amino N 
to total N, —NHz:N. 

EXPERIMENTAL 


Proteolytic Enzymes—The preparation of the plant proteases, 
papain, bromelin, asclepain, and solanain, in partially purified 
form has been described by us (5, 6). The solutions of these 
enzymes used in subsequent measurements contained 5 mg. of 
enzyme per ml. of 0.05 m NaCN, adjusted to pH 7. The animal 
proteases used were Armour’s trypsin and Merck’s pancreatin. 
These preparations are, of course, crude mixtures of enzymes, but 
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were quite satisfactory for the present purpose. Filtered, aqueous 
extracts were used for the digestions. 

Sheep erepsin was salted-out of an aqueous extract of ground 
duodenal tissue by two-thirds saturation with solid (NH,)2SO,. 
The precipitate was dialyzed, and an aqueous extract of this 
material was used. The hog erepsin! used in certain experiments 
was a 30 per cent glycerol extract of hog intestinal mucosa, and 
was further activated by the addition of dilute Mn**. The 
yeast polypeptidase was a concentrate prepared by Dr. M. J. 
Johnson.'! It was further activated by dilute Zn**. 

Proteins—The proteins used were ovalbumin, prepared by 
Sérensen’s method (7), twice recrystallized, and then dialyzed; 
Van Slyke casein (8); and edestin prepared according to Osborne 


(9). 
Methods 


For the enzymic digestions, 2 ml. portions of enzyme solution 
were added to 15 ml. volumes of protein solution, buffered at pH 
7.5 to 8.0. After a specified time of digestion, usually at 37°, 5 
ml. of 20 per cent trichloroacetic acid solution were added to 
each digest. The mixtures were filtered, and their optical rota- 
tions were measured in a 2 dm. polarimeter tube with a Schmidt 
and Haensch polarimeter. A General Electric sodium vapor 
lamp was the source of illumination. The temperature of the 
measurements was 25°, except when otherwise specified. Several 
readings were usually made on each solution, and the average 
value taken. 

Following the rotation measurements, the same solutions were 
analyzed for total N by the micro-Kjeldahl method and for 
amino N by the micromethod of Van Slyke. In the latter method, 
the HNO: was allowed to react for 5 minutes at about 20°. 

In some instances the tyrosine color value was also measured, 
according to Anson’s method (10). In these latter measurements 
the intensity of the blue color produced with the phenol reagent 
was determined with an Evelyn photoelectric colorimeter. This 


1 We are greatly indebted to Dr. J. Berger and Dr. M. J. Johnson of the 
Department of Biochemistry, University of Wisconsin, for supplying us 
with this preparation. 
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instrument was calibrated against a series of standard tyrosine 
solutions. 

In certain cases in which the substrate was subjected to the 
action of two or three different enzyme preparations, the digestion 
mixture was briefly heated at 95-100° to inactivate each enzyme 
prior to the addition of the next one. 

In all cases, control measurements were carried out in which the 
trichloroacetic acid solution was first added to the protein sub- 
strates and the enzyme solutions added afterwards. These 
corrections, which were subtracted from the experimental values, 
usually amounted to from 0° to 0.10° of optical rotation per 
2 dm., 0.1 to 0.2 mg. of total N per ml., 0.05 to 0.1 mg. of amino 
N per ml., and 0 to 0.005 X 10-* milliequivalent of tyrosine color 
per ml. for the digestions with the plant proteases. The correc- 
tions were about twice as large when pancreatin, trypsin, or the 
peptidase preparations were used. 

The optical rotation readings made on each solution usually 
agreed to within 0.02° to 0.05°, so that, for an observed rotation 
of 2° to 5°, the relative error was about 1 per cent. 

Effect of Varying Temperature and pH on Optical Rotation of 
Non-Protein Fraction—Measurements at different temperatures 
were made on the trichloroacetic acid filtrate from a papain digest 
of casein, a polarimeter tube with an outer metal jacket for water 
circulation and temperature control being used for this purpose. 
It was found that, between 16.6-37.5°, the greatest range in the 
observed rotations was from —3.04° to —3.12°, a variation cor- 
responding to approximately twice the limit of the experimental 
error. Accordingly, it was not necessary to specify accurately 
the temperature at which all subsequently recorded measure- 
ments were made, and 25° (the usual temperature of the polarim- 
eter room) is taken as the standard temperature. 

In order to determine the effect of varying pH on optical rota- 
tion, 10 ml. portions of the trichloroacetic acid filtrate of a tryptic 
digest of casein were adjusted to different pH values with acid or 
alkali and made up to a 25 ml. volume with water. Between pH 
1 and 7, the observed rotations increased gradually from —3.56° to 
—3.87° and then gradually fell to —3.76° at pH 10. In view of 
the great variation of rotation with pH in the case of many pro- 
teins and of all amino acids (11), this relative constancy in the 
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rotation values of the tryptic digestion products is surprising, 
and cannot be explained by us. When the final concentration of 
trichloroacetic acid was varied between 2 and 7.5 per cent, there 
was no appreciable effect produced on the optical rotation. 

Optical Rotation Measurements Following Enzymic Digestion in 
Urea Solution—The digestion of most denatured proteins in con- 
centrated urea solutions can be followed by optical rotation 
changes as readily as in the case of aqueous solutions, except that 
(owing to the presence of urea) amino and Kjeldahl N deter- 
minations cannot be made on the filtrates. Hemoglobin is not a 
suitable protein for these measurements, since, upon prolonged 
digestion, some of the red color due to heme is carried over into 
the trichloroacetic acid filtrate, and interferes with the optical 
rotation readings. 

Concentrated urea is known to increase the specific rotation of 
ovalbumin (12). This was likewise observed to be true for casein 
and its intermediate digestion products. Thus we found a? = 
— 144° for casein in 6.6 M urea at pH 7.5. This figure is about 45 
per cent higher than the value a? = — 100°, reported by Almquist 
and Greenberg (13) for aqueous casein solutions at the same pH. 

As an example of the measurement of the rotation of proteolytic 
digestion products in urea, 12 ml. of 3.12 per cent casein in 6.6 
M urea? were digested by 2 ml. of papain solution for 20 hours at 
37°. 5 ml. of 20 per cent trichloroacetic acid were then added, 
and the resulting very slight precipitate filtered out. The filtrate, 
which contained all of the original casein N, and which was in 


4M urea, gave a value of aN® = —655°. This value is about 10 
per cent higher than that subsequently reported for aqueous casein 
digests. 


Comparison of Optical Rotation with Other Methods for Measuring 
Rate of Enzymic Proteolysis —Fig. 1 illustrates the use of four inde- 
pendent methods for measuring the rate of digestion of casein by 
papain. The curves are all very much alike and all level out 
after about 2 hours. This is the time which was required for the 
complete conversion of the original casein to the non-protein form. 
This latter fact was ascertained by comparing the concentration 
of total N in the trichloroacetic acid filtrates with that in the ini- 


? The percentage of casein in the substrate was calculated from the total 
N content, determined prior to the addition of urea. 
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tial substrate, after correction for the dilution of the filtrates. 
Also, after about 2 hours, there was no appreciable precipitate 
when the trichloroacetic acid was added to the digestion mixture. 

If the final tyrosine color value of 0.90 X 10-* milliequivalent 
per ml. is used to calculate the percentage of tyrosine in the 
original casein, a value of 7.1 per cent is obtained upon correction 
for the dilution with enzyme and trichloroacetic acid solutions 











O 20 40 60 B80 100 120 140 160 180 200 sore? 
TIME (MINUTES) 

Fic. 1. Comparison of the optical rotation with other methods for meas 
uring the rate of formation of non-protein fractions in the digestion o 
casein with papain. 15 ml. portions of 3.4 per cent casein were digested 
at 40° for different times by 2 ml. of papain solution. Scales for the curves 
are represented on the ordinates as follows: Left ordinate, Curve 1, optical 
rotation in levo degrees per 2 dm.; Curve 2, total N in mg. per ml. Right 
ordinate, Curve 3, tyrosine color value in milliequivalents < 10* per ml.; 


Curve 4, amino N in mg. per ml. 





This is in fair agreement with the value of 6.55 per cent found by 
Folin and Ciocalteau (14), considering that the former figure is 
uncorrected for tryptophane, which is present to about 2 per cent 
but which gives a much less intense color with the phenol reagent. 
All other proteases which were tested on casein produced essen- 
tially the same final tyrosine color value in the digestion products; 
namely, that corresponding to 6.8 to 7.5 per cent tyrosine (plus 
tryptophane) in the original casein. 
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FF Correlation of aNi and —NH:2:N with Time and Degree of 
Hydrolysis—Curves 1 and 2 of Fig. 2 show that, when casein is 
hydrolyzed by papain at 40°, the values of aN® and —NHs:N in 
the non-protein filtrate do not change greatly throughout the 


whole time of the digestion. The final value, aN®> = —600°, 
of the digestion products is only about 15 per cent lower than that 
of the original casein, aN? = —710°2 Digestion with papain 


at a higher temperature, 60°, yielded essentially the same results 
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Fic. 2. aN> and —NH2:N as functions of the time of hydrolysis of 
casein. Hydrolysis with papain, Curve 1, aNp> versus time in minutes; 
Curve 2, —-NH2:N versus time in minutes. These curves were calculated 
from the data of Curves 1, 2, and 4 of Fig. 1. Hydrolysis with HCl, Curve 
3, aN> versus time in minutes + 10; Curve 4, —NH2:N versus time in min- 
utes + 10. These curves were obtained by hydrolyzing 12 gm. of casein 
with 300 ml. of 1:5 HCl, and analyzing aliquots, removed after different 
times, for optical rotation, amino N, and total N. 


The final value, --_NH2:N = 0.175 (Curve 2), compared to the 
ratio 0.73, obtained by acid hydrolysis‘ (Curve 4), indicates that 
about 24 per cent of all the peptide bonds are split by the papain. 


* This value, determined at pH 3.0, corresponds to a, = —111°, assuming 
15.6 per cent N in the casein. 

* This value is about equal to the ratio 0.724 found by Hunter and Smith 
(15), and slightly higher than the ratio 0.70 reported by Dunn (16). Our 
amino N values may include a small percentage of ammonia N, since the 
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It is noteworthy that aN® and —NH2:N (for enzymic hydroly- 
sis) become constant after about 2 hours. As previously men- 
tioned, this is also the time required for all of the original casein 
to be converted to the non-protein form. Evidently longer times 
of digestion with the papain caused no further degradation of the 
non-protein substances. 

With acid hydrolysis,’ the rotation is seen to change from the 
initial value for casein, aN® = —710°, to aN® = +88° for the 
final hydrolysate; 7.e., the amino acid mixture, after about 2000 
minutes or 33 hours. With 13.7 per cent as the N content of this 
mixture (on a dry basis),° aN? = +88° corresponds to a? = 
+12.0°. It is interesting that this last value agrees surprisingly 
well with the value, a? = +10.8°, for the complete amino acid 
mixture (excluding tryptophane), calculated solely from a con- 
sideration of the optical form of the individual amino acids of 
casein (19), their specific rotations in HCI solution (11), and the 
percentage to which each is present in the protein (18). This 
agreement suggests that there is no extensive racemization of the 
amino acids during the hydrolysis of a protein with dilute acid. 

Comparison of Paths of Acid and Enzymic Hydrolysis of Casein 
The comparison is shown in Fig. 3. Curve A, which represents 
acid hydrolysis, is obtained from Curves 3 and 4 of Fig. 2 by 








ammonia due to amide N was not removed from the trichloroacetic acid 
filtrates. About 10 per cent of the total N of casein is amide N (16), and 
Van Slyke (17) has shown that a third of the NH; of 0.1 nN (NH,).SO, reacts 
with HNO, in 5 minutes at 24°. This last fact was confirmed by us. We 
did not determine whether papain liberates NH; from casein, but it appears 
likely that this occurs, since tryptic hydrolysis liberates a fourth of the 
amide N of casein (15), and papain is known to split hippurylamide. 

5 After the first 15 minutes of boiling with HCl, the casein hydrolysate 
gives only a very slight precipitate with trichloroacetic acid, and after 
an hour none at all. This indicates that the protein is very rapidly de- 
graded to the non-protein stage. 

* From the amino acid composition of casein (18), the average weight 
of the amino acid residues was calculated to be 123. Tryptophane, which 
is destroyed by acid hydrolysis, is not included in this calculation. Assum- 
ing the addition of 18 gm. of water during complete hydrolysis, the N con- 
tent drops from 15.6 to 123/141 X 15.6 = 13.6 per cent. Essentially the 
same value, 13.8 per cent, was calculated by considering the percentage of 
N in each amino acid and the percentage to whic. each (excluding trypto- 
phane) is present in the casein. 
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plotting the aN® values against the corresponding values of the 
—NH::N ratios. 
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Fic. 3. aNp as a function of —NH::N in acid and in enzymic hydrolysis 
of casein. The points of Curve B represent digestions of 15 ml. portions 
of 4.0 per cent casein at 37° by 2 ml. portions of different enzyme solutions, 
in the order, and for the time specified below: (1) solanain, 20 hours; (2) 
papain, 20 hours; (3) bromelin, 20 hours; (4) asclepain, 20 hours; (6) papain 
and bromelin (acting simultaneously), 20 hours; (6) papain + solanain 
(acting simultaneously), 20 hours; (7) pancreatin, 18 hours; (8) papain, 
18 hours, + pancreatin, 20 hours; (9) papain, 18 hours, + trypsin, 20 hours; 
(10) trypsin, 18 hours; (/1) trypsin, 20 hours, + papain, 20 hours; (12) 
trypsin, 20 hours, + hog erepsin, 3 hours; (13) trypsin, 20 hours, + sheep 
erepsin, 18 hours; (14) trypsin, 20 hours, + hog erepsin, 9 hours; (15) tryp- 
sin, 20 hours, + yeast polypeptidase, 3 hours; (/6) trypsin, 20 hours, + 
yeast polypeptidase, 26 hours; (17) trypsin, 20 hours, + hog erepsin, 9 
hours, + yeast polypeptidase, 17 hours; (/8) trypsin, 20 hours, + yeast 
polypeptidase, 26 hours, + papain, 2 hours (at 60°). 0.5 ml. volumes of 
yeast polypeptidase solution (instead of 2 ml.) were used for the digestions. 


Curve B is the composite result of a number of separate diges- 
tion experiments made with different enzymes and enzyme com- 
binations on the same casein substrate. The conversion of casein 
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to non-protein material was 95 to 100 per cent complete in all 
these cases. The papainases, papain, bromelin, and asclepain, 
are seen to yield almost identical values (points 2 to 4 on Curve 
B), so that their mechanisms of action on casein are very likely 
the same. In agreement with this view is the observation that 
the combination of papain and bromelin (point 5) has no different 
effect than has either protease acting alone. 

The non-protein product produced by solanain (point /) appears 
to have approximately the same aN® value, — 580°, as in digestions 
with the above papainases, but the ratio —-NH2:N = 0.155 is 
slightly lower, indicating that this enzyme split only about 20 per 
cent of the peptide bonds of casein, whereas the papainases split 
about 25 per cent of the bonds. It is interesting that the behavior 
of solanain in the present experiments is so similar to that of the 
papainases, since it is not a member of this group of proteases 
(6). Point 6 shows that solanain is not able to further the degree 
of hydrolysis when acting in conjunction with papain. 

Pancreatin (point 7) and crude trypsin (point /0) yield products 
which have lower aN® values, and —NH2:N ratios of about 0.35 
to 0.38. These last values indicate that approximately 50 per 
cent of the peptide bonds of casein are broken, and compare very 
well with the value of 0.374, reported by Hunter and Smith (15), 
for a 24 hour digestion of casein with crude trypsin. These 
workers found the initial rate of splitting to be very rapid, but 
were able to obtain much higher amino N values by prolonging 
the digestion over many days. For example, Dauphinee and 
Hunter (20) obtained the ratio —NH2:N = 0.466 for a 14 day 
digestion of casein with trypsin. In our experiments, digestions 
with different enzymes were not prolonged for more than a single 
day, and the amount of enzyme used was small in relation to the 
quantity of substrate. 

Points 8 and 9 suggest that when papain acts on casein prior 
to the pancreatic proteases, the net hydrolysis is the same as when 
the latter enzymes act alone on casein. However, point // in- 
dicates that when papain acts on the tryptic digest, there is a cer- 
tain amount of further hydrolysis. 

Points 12 to 14 indicate the very similar action of sheep and hog 
erepsin on tryptic digests of casein. These peptidase mixtures, 
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like the plant proteases, complete their action in a short time, and 
yield no further hydrolysis over longer periods of time. 

Yeast polypeptidase, acting subsequent to trypsin (points 15 
and 16), and in combination with erepsin (point 17) and papain 
(point 78), yields a still higher degree of hydrolysis. 

In view of the fact that optical rotation is a function of molecu- 
lar structure, the spread between Curves A and B suggests that 
the proteolytic hydrolysis of casein proceeds through a somewhat 
different set of intermediate substances than with acid hydrolysis. 
It is significant that the solution corresponding to point 18 of 
Curve B gave a positive (pink) biuret test, although the ratio 
—NH.:N = 0.62 indicates that about 85 per cent of all the 
original peptide N was in the free amino form. Apparently 
some tripeptides, and probably even higher polypeptides, were 
still present in the solution. However, a point on Curve A having 
approximately the same —-NH:2:N ratio, 0.635, but a very dif- 
ferent aN® gave a negative biuret reaction. This indicates that 
there were no molecules larger than dipeptides in the latter 
solution. 

These observations confirm the above view that the enzymic 
and acid hydrolysis of casein follows different paths. Presumably 
Curve B should meet the lower tip of Curve A if the same final 
products (simple amino acids only) are obtained by either method. 

Application of Optical Rotation Method to Ovalbumin and Edestin 
—The results in Table I show that ovalbumin and edestin resemble 
casein in that the initial aN® and —-NH2:N values of the non- 
protein products are not greatly modified by prolonged digestion 


with papain. 
It is interesting that the digestion products of ovalbumin have 
higher levorotation values (aN® = —415° to —360°) than the 


original native protein. Almquist and Greenberg (21) give a” 
= —35.1° for native ovalbumin at pH 1.72. This rotation cor- 
responds to aN = —225°, assuming 15.6 per cent N in oval- 
bumin. The higher rotation of the digestion products is probably 
related to the fact that the optical rotation of ovalbumin is greatly 
increased by denaturation (12, 22). 

Osborne (23) gives the value a% = —41.3° for native edestin 
in neutral 10 per cent NaCl solution. Since this protein has 18.8 
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per cent N, aN? = —220°. This last value is considerably 
smaller than those reported for the digestion products in Table I. 

Calvery (24) gives 0.728 as the value of —-NH2:N obtained by 
the complete acid hydrolysis of ovalbumin. Based on this 
figure, the value 0.175 reported in Table I for ovalbumin indicates 
that about 24 per cent of the peptide links were split by papain. 
This former value is much lower than the ratio —NH2:N = 0.51 
reported by Calvery for the digestion of ovalbumin by papain 
for a period of days. Calvery found that papain split two-thirds 
of the peptide bonds of ovalbumin, while pepsin and trypsin 
each split only a third of the bonds. He was able to obtain com- 


Taste | 
Digestion of Ovalbumin and Edestin by Papain 




















Protein Time of digestion aN, —NH::N 
an te 7 ie py " F 
Ovalbumin l | —415 0.15 
18 — 360 } 0.175 
Edestin } | —325 0.11 
1 —320 0.115 
12 — 300 0.125 





15 ml. portions of 5 per cent solutions of ovalbumin and edestin, partially 
denatured by brief heating at 100°, were digested by 2 ml. of papain solution 
at 37°. The edestin solution contained 10 per cent NaCl to assist in keeping 
the protein in solution. 


plete hydrolysis by using peptidases in conjunction with the above 
enzymes. 

The ratio —NH,:N = 0.125 reported in Table I for edestin 
is comparable to the value 0.147 reported by Dauphinee and Hun- 
ter (20) for an 8 hour digestion of edestin with crude trypsin. 
These workers obtained the ratio —NH2:N = 0.531 when this 
digestion was prolonged for 35 days. The value 0.125 indicates 
a splitting of 20 per cent of the peptide bonds of edestin, the ratio 
0.628 being taken to indicate the complete hydrolysis (20). 

It is interesting that the —-NH.2:N ratios, resulting from the 
action of papain, are almost the same for the three different pro- 
teins, casein, ovalbumin, and edestin. This fact suggests that 
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papain hydrolyzes certain proteins to an approximately equal 
degree. 


Technical assistance was furnished by the personnel of the 
Works Progress Administration, Official Project 65-1-08-62, 
assigned to the University of California. 


SUMMARY 


1. A quantitative method is described for measuring the 
amount of proteolytic digestion by determining the degree of 
optical rotation of the non-protein products. Casein, ovalbumin, 
and edestin are used to illustrate the method. 

2. Changes in optical rotatory power are used in conjunction 
with the increase in free amino groups to follow the course of the 
acid hydrolysis of casein. The final value of the specific rotation 
of the hydrolysate agrees closely with the theoretical value cal- 
culated from data given in the literature for the different amino 
acids of casein. 

3. By measuring the optical rotation and percentage of free 
amino nitrogen of the products resulting from the action of dif- 
ferent plant and animal proteases and peptidases on casein, 
evidence is obtained which indicates that the enzymic and acid 
hydrolysis of this protein proceeds by somewhat different paths. 

4. Evidence from optical rotation and amino nitrogen measure- 
ment with different plant enzymes suggests that these proteases 
hydrolyze casein in a very similar manner and yield the same non- 
protein products. 
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The problem of protein denaturation is still very obscure, par- 
ticularly since we are unable to state clearly what we understand 
by denaturation. Different chemical changes in the protein 
molecule may probably lead to what with our present knowledge 
we call the same physical change, and, while exploring the chemical 
mechanism of the denaturation by one agent, we may find but few 
facts which will stand the process of generalization. 

One chemical change following or causing denaturation seems 
to be general, though; viz., the “appearance”’ of thiol groups (Harris 
(1)), (see also 2-5). Whichever agent is used, heat, a specific 
agent like guanidine salt, or a non-specific one like alcohol, the 
same effect is qualitatively obtained. Quantitatively, however, 
important differences have been demonstrated (6-8) indicating 
differences in the mechanisms of these processes. 

Two views have been expressed concerning this appearance 
of thiol groups. One ascribes it to a simple liberation of these 
groups from chemical combinations into which they have entered 
with loss of their specific properties; 7.e., to a disruption of chemical 
bonds between the sulfur atom and other atoms. The other view 
maintains that the loss of reactivity of the thiol groups in the 
protein molecule may be due to steric hindrance, to a “‘conceal- 
ment” of these groups in the interior of a vast structural network. 
This assumption implies that any chemical reaction which results 
in a partial or total degradation of the protein molecule may be 
involved in the process of denaturation. 

It is not the purpose of the present paper to give a general dis- 
cussion of this problem. We may point out that till now it has 
remained entirely unsolved, so that one point of view may be as 
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good as the other as a starting point for an investigation. The 
fact, however, that if we accept the first view there is more hope 
of a rapid solution by means of simple models makes it rather 
tempting to take up the study of sulfur compounds on this basis. 

The following considerations led the authors to investigate the 
properties of a simple compound like 2-methylthiazoline. 

Several years ago Bergmann and Miekeley carried out some 
important investigations on the behavior of oxazolines in aqueous 
solutions (9, 10). A compound like 


CH,— 


| CC.H; 
CH— nF 


COOH 


was found to undergo a rapid hydrolysis in acid solution, the 
chief product formed being O-benzoylserine. With increasing 
alkalinity, however, this O-benzoyl compound would tend to 
rearrange to N-benzoylserine with liberation of hydroxyl groups. 
Bergmann himself (10) has pointed out that such unstable oxazo- 
line rings or rings of similar type may be present in proteins. 
Considering now a compound like 2-methylthiazoline (A) 
(Gabriel and von Hirsch (11)), it is immediately seen that hy- 


CH,— CH.—SH 

| Secu, | 

CH,—N7 CH,—NHCOCH, 
(A) (B) 


drolysis under suitable conditions might lead to a formation of 
N-acetylaminoethylmercaptan (B) and a liberation of a thiol 
group. In view of the possibility previously mentioned (12) 
that peptide bonds are set free in the process of denaturation, it 
is of interest to note that a peptide bond is formed at the same time 
The properties of methylthiazoline were therefore subjected to 
a preliminary investigation with special regard to the stability 
of this compound under conditions resembling those at which 
denaturation of proteins is known to occur. 
2-Methylthiazoline is a weak base, the pH at half ionization 
being 5.37 (in 0.1 m KCl at 25°). It is fairly stable in aqueous 
solution around neutrality but becomes increasingly unstable 
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with increasing acidity. The hydrolysis is a first order reaction 
(measured at 60° in buffers of different pH), and by plotting the 
reaction constants against pH a curve is obtained which coincides 
rather well with the ionization curve (Fig. 1). This shows that 
the methylthiazoline ion is the unstable molecule. The method 
for following the hydrolysis was based upon the reaction of 
porphyrindin with free thiol groups (13, 14, 7), and since the un- 
hydrolyzed methylthiazoline does not react at all with this dye, 
while the theoretical amount of thiol groups is found after mild 
exhaustive hydrolysis (3 hours at pH 3 and 60°), we may conclude 
that whatever compounds are formed by the hydrolysis must 
contain a free thiol group or at least be capable of rearranging to 
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Fie. 1. Curve I, ionization curve of thiazoline; Curve II, hydrolysis 
curve of thiazoline. The ordinate scale shows the per cent ionization or 
hydrolysis respectively; rate at pH 3 = 100. 
































substances with free thiol groups under the conditions chosen for 
the thiol determination (20°, pH 6 to 7). 

N-Acetylaminoethylmercaptan has no basic properties. Hence, 
by titrating the hydrolysates to pH 3, it is possible to distinguish 
between the formation of this compound and that of the basic 
S-acetyl compound. If the N-acetyl compound is formed ex- 
clusively, then 1 equivalent of base will disappear per molecule of 
thiazoline split. The formation of the S-acetyl compound, how- 
ever, will be followed by no change in amount of base. 

A preliminary investigation showed that the formation of N- 
acetylaminoethylmercaptan predominates within the pH range 
investigated, but that some S-acetyl compound is formed too, 




















446 Properties of 2-Methylthiazoline 


presumably together with its split-products, acetic acid and 
aminoethylmercaptan. 

We have not gone fully into this matter because the displace- 
ment of the acetyl group from —SH to NH: is rapid and complete 
in all cases in which the N-acetyl compound is removed in the 
process of analysis (oxidation, reaction with iodoacetate, etc.). 
Hence the chief result, that —SH groups ‘‘appear’’ when thiazoline 
is heated, is uninfluenced by the relative uncertainty concerning 
the split-products formed. 

A substance such as diacetylcystine dimethyl ester, which may 
be regarded as representative of some sulfur-containing structures 
known to occur in proteins, behaves quite differently when heated 
to 60° at different pH values. The liberation of thiol groups, 
determined by oxidation with porphyrindin, proceeds extremely 
slowly at pH values below 7. Above pH 7, however, considerable 
amounts of thiol groups are set free immediately after the tem- 
perature is raised to 60°, while but a slight increase in this amount 
is observed after prolonged heating. The processes taking place 
seem to be extremely complicated. 

It is not without interest to compare these results with results 
obtained by treating ovalbumin and insulin in a similar way. 
Ovalbumin was chosen as a representative of proteins with labile 
sulfur groups and with a pronounced tendency to denature, 
while insulin, which probably contains all its sulfur as cystine, 
was taken as an example of proteins with little or no tendency to 
denature. 

Fig. 2 shows the curve found for ovalbumin. It will be seen 
that the sulfur groups in ovalbumin are distinctly. acid-labile as 
in the case of thiazoline (compare (15, 16)). No thiol groups 
appear at pH 6 and 7 (even after prolonged heating) and at pH 
8 to 10 the increase in reducing groups is but slight and may be 
explained as a destruction of S—S linkages in the protein. In 0.5 
n NaOH this destruction was found to be very rapid, an abundant 
amount of reducing groups being formed. Ovalbumin differs 
here from thiazoline, which is but slightly hydrolyzed in 1 n NaOH. 

Insulin, as distinct from ovalbumin, yields no measurable quan- 
tities of thiol groups in the whole acid region. A very slight 
formation is observed on the alkaline side of pH 7 except at pH 
10 where a strong reaction seems to set in after a long induction 


period. 
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On the basis of these experiments, therefore, it would seem worth 
while to search for other similarities, and we started out by in- 
vestigating the influence of specific denaturation agents like 
urea and guanidine salts on 2-methylthiazoline (8). Urea had 
no effect at all, but in solutions of guanidine chloride and bromide 
a distinct increase in thiol groups was observed. The effect was 
by far the largest in guanidine bromide solutions (compare Green- 
stein (8)) and we thought for a time that we had come across 
another and more striking similarity than that in the heat “dena- 
turation.’”* We very soon found out, however, that the effect 
was due to an impurity in the salts applied and that the impurity 
was ammonium ions. 








2 \ 
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2 PH 3 ¥ Ss 6 7 40 
Fic. 2. Denaturation curve for ovalbumin. The ordinate scale repre- 
sents the number of thiol groups per molecule of protein in 5 minutes at 60°. 


In aqueous solutions ammonium ions react with methylthiaz- 
oline in a pete way. The reaction may be written 


Tc CH:—SH NH;* 
CH; + NH,* = | | 


CH,—N=CCHs 

(z) 
or 

CH;—8, CH.—S—NH 

| poss + NH, = | 

CH.—N CH:—N—CCH; 

H,* 

(y) 





1 We actually went so far that we sent a preliminary note to Nature. It 
was almost immediately withdrawn, however, by telegram and letter. 
We mention this because, owing to the European war, we have been unable 
to ascertain whether our messages were received. 
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In the latter case we shall have to assume that the hypothetical 
compound formed is in equilibrium with (z) or has reducing 
properties in itself, so that it may react with porphyrindin to 
form (z) which was definitely proved to be the final product after 


ls a 
| 


CH,—N N—CH; 
| | 
CCH, CCH, 
| | 
NH;* NH;* 
(z) 


oxidation. The reduced thiazoline-ammonium ion compound was 
very difficult to isolate because of its instability. All our at- 
tempts resulted only in crystals of ammonium chloride imbedded 
in a viscous oil which smelled strongly of thiazoline and turned 
into a yellow paste on drying in vacuo over P2O;. We are there- 
fore unable to distinguish between formulas (x) and (y) but for 
the time being we have chosen formula (x) as the simpler of 
the two. 

The oxidized compound was isolated as follows: 

1 ml. of thiazoline (10.8 mm) was mixed with 2 ml. of 5 N am- 
monium chloride solution (10.0 mm of NH,*), a trace of FeSO, 
was added, and the mixture shaken with air in a 600 ml. flask. 
The solution which at the beginning was distinctly reddish brown 
became colorless in the course of 24 hours, though with fine par- 
ticles of ferric hydroxide. After 24 hours as much water as 
possible was distilled off in vacuo at 30° and alcohol and acetone 
added, whereupon a substance of the composition CsHeoS.N.Ch 
crystallized out in colorless needles. Yield, 1.50 gm., or almost 
theoretical; m.p. 177.5° (corrected); thiol reaction negative. 
N 18.13 (calculated 18.23), Cl 23.16 (calculated 23.08). Picrate, 
m.p. 184.0° (corrected). 

180 mg. of the substance were dissolved in hot absolute alcohol 
and the solution cooled. The crystals formed were separated 
from the mother liquor and dried in vacuo over P:Os. Yield, 
54.2 mg.; N 18.26 (calculated 18.23). 

The mother liquor was precipitated with acetone. The new 
batch of crystals was dried in vacuo over P,O;. Yield, 84.2 mg.; 
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N 18.19, Cl 23.20 (calculated 23.08). This shows that the sub- 
stance is homogeneous. 

The position of the ammonium ion taken up is determined in 
the following way. We may consider two possibilities. 


H 
CH:— CH,NH; 8 
2 | oot + 2NH} = 2| : | 
CH,—N CH:—N=CCH; 
oo 
+40,2| PRN 
CH,—N=CCH; 
(I) 
CH; CH,SH NH; 
2 | Jocks + 2NH, > 2 | | 
CH;—N CH.—N=CCH; 
CH,S— NH; 
+40: 2] | | 
CH:;—N=CCH, 
(II) 


In scheme (II) the strong base amidine is formed, while in 
scheme (I) we have to do with an ordinary primary amine. Hence 
by titration in alcohol it is possible to distinguish between (I) 
and (II). On titration in 90 per cent alcohol, with thymol- 
phthalein as indicator, the yield was 64 per cent of theoretical; 
with phenolphthalein as indicator, 35 per cent of theoretical. 
The end-point was very unsharp in both titrations, so the values 
are only approximate. There is no doubt, however, that the 
substance is a strong base and that, consequently, scheme (II) 
must be adopted. 

The amidine is very stable in acid solution. Even after 24 
hours boiling with 5 n HCl the typical picrate could be isolated 
from the hydrolysate in abundant quantities. In faintly basic 
solutions it is relatively stable but in 2 n NaOH at 100° half of 
its nitrogen is fairly rapidly split off as ammonia. 

The reaction between thiazoline and ammonium ions is not 
instantaneous but proceeds at a measurable rate, the velocity 
constant, Ky, for the bimolecular reaction being around 0.02 
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in 5.78 N guanidine bromide. The process does not run to com- 
pletion but a state of equilibrium is reached depending upon the 
concentrations of the reactants as well as upon the salt concentra- 
tion of the reaction mixture. As distinct from the process of 
hydrolysis which is mostly inhibited by salts, the amidine formation 
(x being a substituted amidine) is promoted in a strong salt solu- 
tion and, as in the case of protein denaturation (Greenstein (8)), 
an increasing effect is observed in the sequence sulfate, chloride, 
bromide. lodides and thiocyanates could not be investigated 





“S$ 











eee 

Os “sh res 
t —— 
< 
Oo Csalt — * a é 




















Fig. 3. Equilibrium between thiazoline and ammonium ions in guanidine 
sulfate, guanidine chloride, guanidine bromide, KCl, and KBr. 


because they interfered in the determination of the thiol groups. 
Fig. 3 shows the variation of the equilibrium constant Kx 


_ Crn:Cns 


K 
B C. 


as a function of the salt concentration (guanidine sulfate, chloride, 
and bromide, KCl, and KBr). 

K, is independent of pH within the range of acidity chosen for 
the experiments; viz., around the neutral point. From this fact 
we may only conclude that the reaction either proceeds between 
uncharged thiazoline molecules and ammonium ions or between 
thiazoline ions and ammonia molecules. We have chosen the 
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first reaction scheme as the simplest one because the concentration 
of the reactants is higher in this case, but there is a slight pos- 
sibility that the second reaction actually occurs, since in the 
reaction with water it is the thiazoline ion which is unstable. 
This means, however, that Ky has to be multiplied by about 
10‘, which makes this constant astonishingly high as compared 
with that of water. Unfortunately the problem cannot be solved 
at present. 

From the values found for Kg we may calculate the concentra- 
tion of x at any given concentration of thiazoline and ammonium 
ions. Thus for Cy, = 0.1 and Cygt = 0.1 we find C, = 0.0025 in 
5.78 m guanidine bromide; 7.e., only 2.5 per cent of the thiazoline 
present is transformed into amidine in this case. 

Besides ammonium ions, primary amine ions such as the ions of 
methylamine or glycine will react with thiazoline. In the case of 
methylamine ions the equilibrium constant is but slightly higher 
than that found for ammonium ions; viz., 0.33 against 0.24 in 
5.78 m guanidine bromide. The corresponding constants for the 
dimethylamine and trimethylamine ions are, however, much 
higher; indeed, the reaction was so faint and set in so rapidly 
that we suspect the presence of a small impurity in the salts ap- 
plied. Hence it would seem that the group R—NH,;°* is necessary 
for the reaction to occur, which also agrees with the fact that 
urea is without effect. 

The preferential position of NH,* and R—NH;>* in the reaction 
with thiazoline may be understood on the basis of both of the 
reaction schemes (I) and (II). It is quite clear that the substance 
(y) cannot be formed unless the ion reacting with thiazoline is 
able to give off 2 hydrogen atoms. In scheme (I) we may con- 
sider the possibility of tautomeric displacement of the double bond 


HS—CH, HS—CH, 
| H* Ht ; 
CH.—N NHR = CH,—NH NR 
A \@4 
T C 
| 
| 
CH; CH; 


to be a necessary condition for the reaction to occur. Here we 
understand better why the amine has to be basic. 
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The behavior of the guanidine ion is still obscure. There is no 
doubt that the equilibrium constant is exceedingly high. On the 
other hand we have indications that porphyrindin reacts much 
more rapidly with thiazoline in guanidine bromide solutions than 
may be explained by the hydrolysis. The question is being 
further investigated. 

A closer study of the relation of these results to the problem 
of protein denaturation is of course impossible at the present 
moment. More experiments have to be made with more complex 
thiazoline compounds; viz., compounds of the general structure 


CH,—s 
| ” ccuNHCOR. 
CH—N7 


CONHR, 


which may be formed by folding up a peptide chain 


CH.SH CH, —S HHO 
RiNHCOCH—NHCOCH;NHCOR; — R:NHCOCH—N==CCH,NHCOR; 


It is not unlikely, however, that our results may sometime or 
other become of value for the study of protein denaturation. The 
peculiar instability of the thiazoline ring, the reversibility of the 
reaction with ammonium ions, the fall in the effect from bromide 
via chloride to sulfate solutions which is also found in the case of 
proteins (8), all point in this direction. We especially consider 
the latter analogy important, because it indicates a similar strue- 
ture in the reaction products formed in the two cases. 

The réle played by the anions is rather obscure but on the basis 
of the equation for the activity coefficients 


Snui‘/th __‘ (Kx) water_ 
Se (Kg) salt solution 








we may conclude that the activity coefficient of the substance 
(x), the amidine, decreases strongly when we pass from sulfates 
via chlorides to bromides. The other possibility, that the product 
fwu, -Srp increases in the same sequence, is hardly realized, because 
few cases are known in which bromides have a greater salting-out 
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effect than chlorides. Actually, a pronounced resemblance is 
found between the above system and the equilibrium system, 
quinone + H: = hydroquinone, which was investigated by one 
of the authors (17). Here it was proved that the activity coeffi- 
cient of quinone decreases with increasing atomic volume of the 
anion, while the activity coefficient of hydroquinone (and that of 
hydrogen) is but little influenced by a replacement of one anion 
by another. It would be worth while investigating whether the 
resonance in the amidine molecule mentioned in the theoretical 
part may be of importance for this specific effect of the anions. 
Possibly some light would be thrown upon the properties of 
quinone and of proteins as well. We cannot but think that some 
key to the protein problem is concealed in this peculiar salt effect. 

The idea that ring structures are present in protein molecules 
is nearly as old as the peptide chain theory, and, as mentioned 
in the beginning, this particular ring structure was proposed in 
1924 by Bergmann who used the oxazoline ring as an example. 
Unfortunately the oxazolines are much more difficult to study, 
because easy methods for determining hydroxyl groups are not at 
hand. But preliminary investigations seem to show that oxazo- 
lines react in a similar way to thiazoline. 

We do not believe, of course, that an opening up of thiazoline- 
like rings is the sole reason for the complete destruction of the 
protein molecule in the denaturation. Above all, the quantity 
of such bonds is too small to make the idea likely. But taking 
oxazoline rings into consideration, too, may possibly lead 
somewhere. 

To our knowledge the effect of ammonium ions on proteins 
has not been studied extensively. Since proteins contain free 
amine groups, the denaturation by KI or KSCN might be ex- 
plained as an amidine formation. We shall further refer to a 
note by Edsall, Greenstein, and Mehl (18) in which it was stated 
that ammonium and methylamine ions cause the —SH groups of 
myosin to disappear simultaneously with the disappearance of 
double refraction of flow. It is not easy to bring this phenomenon 
into direct connection with the results of the present paper but 
we may point out that a formation of compounds such as the 
hypothetical compound (y) may furnish an explanation of this 
phenomenon. The processes represented in the formulas are 
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a CH,—SH 


CH, ; | HN—R, 
| 
AW CHR, _—.. I Jor 
Rn, \x% fre 
ts R, H* 
2 


fry CH;—SH 
CH, N | 
Au CHR: iced | 
—N NH; R: 
a” Nee? SH —NHOOR; + NH; R: 
f Ri 
H, 
not impossible either as elements to be taken into consideration 
in the mechanism of denaturation. They are not incompatible 
with our experiments, since we have been unable to decide whether 
one or the other or both of the substances (x) and (y) are formed 
in the reaction with amine ions. Hence it may be worth while 
to keep compound (y) in mind as a structural unit in the protein 


molecule. 
SUMMARY 


We may sum up the results of our investigations as follows: 
2-Methylthiazoline is an unstable compound which is easily 
“denatured” by heat in acid solutions, and by the specific agents 
ammonium chloride and bromide. As a result of the “denatura- 
tion’’ thiol groups appear. A peptide bond (which may be split 
by a suitable enzyme) is formed in the case of heat ‘“‘denaturation.” 
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LETTERS TO THE EDITORS 





BIOTIN AS A GROWTH FACTOR FOR C203S STRAIN 
OF HEMOLYTIC STREPTOCOCCUS, GROUP A* 


Sirs: 


Biotin has been reported as an essential growth factor for 
several microorganisms: Bacterium radicicola,' Clostridium butyl- 
icum,? other strains of Clostridia including Clostridium sporogenes,* 
and recently for some strains of Staphylococcus aureus.‘ 

In a study of the nutrition of the C203S strain of Group A 
hemolytic streptococcus,® we found that a biotin concentrate was 
necessary for growth. Through the courtesy of Dr. W. H. 
Peterson we have since had the opportunity to test a sample of 
crystalline biotin sent him by Dr. F. Kégl.* 

Experiments were carried out on a hydrolyzed gelatin medium 
similar to that already described,’ and on a medium prepared by 
substituting the following amino acids for the hydrolyzed gelatin: 
100 mg. each of dl-threonine, dl-serine, dl-isoleucine, dl-leucine, 
dl-valine, dl-glycine, dl-methionine, dl-lysine, dl-proline, d-alanine, 
d-arginine, l-histidine, J-tyrosine, l-tryptophane, and 200 mg. 
each of dl-cystine and dl-phenylalanine. 

The inoculum consisted of 1 drop of 6 to 8 hour broth culture of 
C2038 which was centrifuged, washed twice with saline in the 


* The expenses of this work have been defrayed by a generous grant 
from the Commonwealth Fund. We are indebted to Merck and Company, 
Inc., for generous samples of synthetic vitamin Bs and calcium panto- 
thenate. 

' Nilsson, R., Bjalve, G., and Burstrém, D., Naturwissenschaften, 27, 
389 (1939). 

* Snell, E. E., and Williams, R. J., J. Am. Chem. Soc., 61, 3594 (1939). 

* Peterson, W. H., McDaniel, L. E., and McCoy, E., Proc. Am. Soc. 
Biol. Chem., J. Biol. Chem., 183, p. Ixxv (1940). 

* Porter, J. R., and Pelezar, M. J., Science, 91, 576 (1940). 

* Pappenheimer, A. M., Jr., and Hottle, G. A., Proc. Soc. Exp. Biol. and 
Med., 44, 645 (1940). 

* Kégl, F., Z. physiol. Chem., 242, 43 (1936). 
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centrifuge, and then made up to slight turbidity with saline, 
Tubes were incubated under 12 mm. of CO, tension in air for 16 
hours, then at atmospheric CO, tension for an additional 24 hours, 
The amount of growth was determined with the photoelectric 
turbidometer and the readings were correlated with standard 
suspensions of known bacterial nitrogen content. 


Biotin added to 10 cc. 





7 
0.002 
0.0008 
0.0004 
0.0002 
0.0001 
0.00005 
0.000025 
0.0 


Effect of Biotin on Growth of 


'203S Strain 


Bacterial nitrogen from 10 cc. X 50 


Hydrolyzed gelatin medium 


mg. 
13.5 
13.6 
12.2 
10.0 
6.3 
3.1 
2.0 
1.4 


Amino acid medium 
mg. 
10.3 
11.0 
9.6 
8.6 
7.7 
6.4 
3.0 
1.4 





The figures are the average of duplicate determinations. 


The results confirm our previous suggestion that biotin is an 
essential growth factor for the C203S strain of Group A hemolytic 
streptococcus. The accompanying table shows that maximum 
growth is obtained on the addition of 0.08 y of crystalline biotin 


per liter of deficient medium. 
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CHYMOPAPAIN: A NEW CRYSTALLINE PROTEINASE 
FROM PAPAYA LATEX* 


Sirs: 

In the preparation of crystalline papain! it was shown that the 
yield of crystalline enzyme represented only a minor part of the 
total proteolytic activity of fresh papaya latex. It was further- 
more demonstrated that the residue of uncrystallized protein, 
the so called “high salt fraction,’’ contained another enzyme 
with a higher ratio of protein-digesting activity to milk-clotting 
power than that of crystalline papain. 

Observations made on the same “high salt fractions” recently 
showed that at 10° the proteolytic action was undiminished for 
several weeks at pH 2. This observation provided a means 
whereby the enzyme could be prepared in the pure state. 

The addition of hydrochloric acid to a suspension of coagulated 
undried papaya latex in an amount sufficient to produce a pH of 
1.8 to 2.0 caused an extensive precipitation of protein. The pro- 
tein remaining in solution was, however, proteolytically active. 
An inert fraction of this protein was found to be precipitable by 
half saturation with sodium chloride after the addition of sodium 
hydroxide had increased the pH to 3.5 to 4.0. The remaining 
protein was not precipitated by complete saturation with NaCl 
at pH 4.5, but was completely precipitated from saturated 
NaCl solutions at pH 2.0. It was thus possible to precipitate 
the protein in two ways; by adding NaCl to a half saturated NaCl 
solution at pH 2.0 or thereabout or by adding HCl to a solution 
saturated with NaCl at pH 4.5 to 6.0. Both methods produced 
obviously crystalline material. The best crystals were obtained 
by a compromise between them. Protein recrystallized four 
times was proteolytic and also active as a milk-clotting agent, 


* Enzyme Research Laboratory Contribution No. 62. 

This work was done under Special Research Fund No. SRF 2-69 provided 
by the Bankhead-Jones Act. 

1 Balls, A. K., and Lineweaver, H., J. Biol. Chem., 130, 669 (1939). 
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but it was observed to differ in several ways from the crystalline 
papain originally prepared in this Laboratory. 

The new crystalline enzyme occurred in broad sabre-like needles, 
and sometimes in obvious plates. Its proteolytic activity was 
furthermore stable at pH 2.0 when the temperature was 10°, 
The crystals without preliminary denaturation or the addition 
of urea or treatment with cyanide gave a strong —SH test with 
nitroprusside. 

The newly crystallized enzyme is many times more soluble 
than the previously described crystalline papain at salt concentra- 
tions and pH at which the latter is soluble. 

The activity of the newly isolated enzyme when computed per 
unit of protein nitrogen was found to be equal to that of crystalline 
papain with respect to milk clotting, and half that of crystalline 
papain with respect to hemoglobin digestion. The ratio of milk- 
clotting activity to hemoglobin digestion was found to be exactly 
twice that of crystalline papain. 

Because of the property last mentioned and by reason of the 
precedent set by Kunitz and Northrop? in naming chymo- 
trypsin, we wish this new crystalline protein to be known as 
chymopapain. 

The quantity of chymopapain present in crude latex is con- 
siderably greater than is that of papain. Its preparation in 
comparatively pure state, without crystallization, is easy; its 
stability in acid may prove to be an important pharmaceutical 
and technical asset. The Secretary of Agriculture has kindly 
consented to apply for a patent on this material for the use of the 
public. 
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* Kunitz, M., and Northrop, J. H., J. Gen. Physiol., 18, 433 (1935). 





